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Abstract 
Various features associated with the production of lignocellulose-degrading 
enzymes, including cellulases, hemicellulases and ligninases as well as phenol oxidase and 
laccase, by Lentinus edodes, Pleurotus sajor-caJu and Volvariella volvacea were 
examined. The ability to produce lignocellulose-degrading enzymes differed with the 
species. When compared to L. edodes and V. volvacea, P. sajor-caju produced a wider 
range of extracellular enzymes including those of the cellulase and hemicellulase 
complexes, ligninolytic enzymes, and phenol oxidases including laccase. P. sajor-caju 
produced xylanase in cultures where xylan and sawdust served as the growth substrate. 
Growth of this species was poor when crystalline cellulose served as the sole source of 
carbon. Low activities of endoglucanase and exoglucanase were detectable when sawdust 
was incorporated into the culture medium. 
When V. volvacea was grown in submerged culture, ligninolytic and phenol-
oxidizing enzymes were absent. However, this mushroom species exhibited a better 
ability to produce cellulose- and hemicellulose-degrading enzymes including 
endoglucanase, exoglucanase, P-glucosidase, xylanase and P-xylosidase. The cellulase 
complex was inducible by cellulosic substrates and repressed by glucose. Production of 
cellulose- and hemicellulose- degrading enzymes was enhanced by the addition of 0.2% 
(v/v) Tween 80. Both endoglucanase and exoglucanase were characterized as extracellular 
proteins, whereas P-glucosidase was detectable both extracellularly and intracellularly. 
Endoglucanase activity in V, volvacea was inhibited by lignin-related phenolic 
compounds and tannin derivatives. 
L. edodes was a poor producer of cellulose-degrading enzymes. Growth of this 
species was poor when pure cellulose was used as growth substrate. Xylanase activity was 
detectable when L. edodes was grown on xylan or sawdust as growth substrate. Lignin 
peroxidase was detected in static cultures of P. sajor-caju but was absent in cultures of 
L. edodes grown under the same conditions. Manganese-dependent peroxidase was 
characterized as the major ligninolytic enzyme of this species. The manganese-dependent 
peroxidases produced by both L. edodes and P, sajor-caju were regulated by the nutrient 
nitrogen level in the culture. Laccase activity in L edodes and P. sajor-caju was made up 
of multiple protein species. 
Compared to L. edodes and V. volvacea, P, sajor-caju exhibited a generally higher 
tolerance to lignin-related phenolic compounds and tannin substances. Several of the 
phenols tested at concentrations up to actually enhanced the growth of this fungus. 
V, volvacea was sensitive to most lignin-related phenolic compounds and tannin 
derivatives. The effects on the growth of L. edodes varied with different compounds. 
The results obtained provide a partial explanation for the ability of P, sajor-caju 
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1.1 Importance and cultivation history of edible mushroom 
The fungi Lentinus (syn. Lentinula) edodes (Berk.) Pelger, Pleurotus sajor-caju 
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(Fr.) Singer and Volvariella volvacea (Bull, ex Fr.) Singer are edible fungi and known as 
Shiitake, Phoenix and Straw mushrooms. The position with regard to the taxonomy of 
these mushrooms can be summarized by Table 1.1. 
Table 1.1 Taxonomic position ofZ. edodes’ P, sajor-caju and V. volvacea'. 
Genus Family Order Class 
L. edodes Lentinus Tricholomataceae Agaricales Basidiomycetes 
P, sajor-caju Pleurotus Tricholomataceae Agaricales Basidiomycetes 
V. volvacea Volvariella Pluteaceae Agaricales Basidiomycetes 
、 
The importance of edible mushrooms has been recognized for a long time not only 
because these fungi can be consumed as a food, but also as a medicine. As a food, the 
palatability and flavour of many mushroom species have been known since earliest times. 
The Greeks regarded mushrooms as magic food to provide strength for warriors in battle. 
The Romans treated mushrooms as the "Food of Gods", which was served only on 
festival days. In the Orient, the earliest Chinese herbalists prized mushrooms as a health 
food. Breene (1990) has reviewd the nutritional value of edible mushrooms from the data 
obtained by several authors, and concluded that edible mushrooms are considered not only 
for their flavour and condiment value, but also because of their nutritional value. Analyses 
of the proximate composition reveal that the commonly consumed mushrooms are rich in 
crude protein, amino acids, vitamins, minerals, carbohydrates and dietary fibre, moderate 
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in ash, and low in fat content. The calorific value of mushrooms is also low (Crisan & 
Sands 1978). As a medicine, the medicinal properties of some mushroom species were 
recognized by the early herbalists. Many commonly cultivated edible mushrooms were 
believed to have antiviral and antitumour properties, and some species were known for 
their effects in preventing cardiovascular and renal problems including hypertension. 
Extensive clinical studies, primarily in Japan, have clearly demonstrated that a number of 
species have medicinal and therapeutic value such as in the prevention or treatment of 
cancer, viral diseases, hypercholesterolemia, blood platelet adhesion, and hypertension. 
Most studies have focused on Lentinus edodes and Ganoderma spp. Some data related to 
antitumour effects have also been obtained from Grifola frondosa, Agaricus bisporus, 
Pholiota glutinosa, Tremella fuciformis, Pleurotus ostreatus, Flammulina velutipes, 
Volvariella volvacea and Auricularia minor (Mori et al 1987). Many of the active 
substances, which include polysaccharides (e.g. P-glucans), nucleic acid derivatives, 
peptides and glycoproteins, have been isolated and identified. Several modes of action for 
these substances have been proposed. Extracts from fruit bodies of both L. edodes and 
Kvolvacea were found to have an inhibitory action on the growth of tumour cells (Fijji et 
al 1978; Kishida et al 1989； Xue et al 1990). A fraction called "lentinan" from L. edodes 
exihibits host-mediated antitumor activity in mice by restoring the immune response of the 
thymus or T-cells after the mice had been implanted with tumours (Hamura et al 1974). 
Since earliest times, dried powder material from mushrooms have been adopted as part 
of Chinese traditional medcine. Although various polysaccharide-binding peptides (PSP) 
produced by some non-palatable mushrooms (p.g.Ganoderma spp. and Coriolus spp.) 
were recently considered as having clinical potential as antiviral treatments, medical effect 
of most mushrooms is auxiliary. 
Due to the in beneficial properties, the cultivation of edible mushroom has become 
a worldwide enterprise over the past two decades. The history of mushroom cultivation 
can be traced back 1000 years ago. Currently, approximately 2,000 species are known to 
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be edible among which about 80 have been cultivated artificially (Chang and Miles 1989). 
The most commonly cultivated mushrooms are species belonging to the genera Agaricus, 
Lentinus, Volvariella, Flammulina, Auricularia and Pleurotus. The first cultivated 
mushroom was a species of Auricularia which was grown approximately 1000 years ago. 
The most popular mushroom worldwide is Agaricus bisporus which was domesticated in 
France in 1650. Next to Agaricus bisporus, L.edodes, V, volvacea and P. sajor-caju are 
the important species, and represent a great proportion of all edible mushroom species in 
world production. The 1989/90 world production of cultivated mushrooms was 
approximately 3.8 million metric tons (fresh weight), with A hisporus accounting for 38% 
of this figure. The proportions of the other cultivated species were L. edodes, 10%; V, 
volvacea, 6%; Pleurotus spp.，24%; Auricularia spp., 11%; F. velutipes, 4%; and all other 
species，7% (Chang & Miles 1991). Cultivation of Lentinus, Pleurotus and Volvariella 
mushrooms was first reported in Asia. Kvolvacea and L.edodes were cultivated in China 
as early as ‘ 1700 and 1000 respectively whereas commercial production of P.sajor-caju 
began in India in 1974. These mushrooms have now been introduced to, and grown in, 
Europe, North America and other continents (Chang and Miles 1989; 1991). 
Another important potential of edible mushroom cultivation that has been 
recognized is associated with the ability of these fungi to degrade one of the most widely 
available waste materials, i.e. lignocellulose, and to convert such wastes into a high 
quality protein product. Substrates most commonly used for mushroom cultivation are 
composed of lignocellulosic materials which are major constituents of plant cell walls. 
Thus, they represent the most abundant type of biological material present on earth, 
comprising 50% of all biomass generated by photosynthesis. The annual production of 
lignocellulose was estimated approximately 50 x 10^  tones (Goldstein 1981). It has also 
been estimated that half the total plant residues from agricultural and industrial processes 
(straw, leaves, wood, bark, etc.) remain unused and much of this material is either burnt, 
shredded or used as landfill. Such residues accumulate and the methods used for their 
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disposal cause problems to the environment. These materials can, of course, be treated by 
various chemical processes, e.g. hydrochloric acid or calcium chloride can increase the 
digestibility and nutritional qualities and even generate reducing sugar. However, such 
chemical processes are tedious and costly. Furthermore, the postreatment designed to 
remove the side-effects of the chemicals is also complex and itself harmful to the 
environment. Biological processes using microorganisms that economically convert 
lignocelluloses into useful products are receiving more and more attention. One of the 
most economically viable processes for the bioconversion of lignocellulosic wastes is 
mushroom cultivation. The biological efficiencies (B.E., fresh weight of harvested 
mushroom over dry weight of growth substrate) of different mushrooms cultivated on 
different lignocellulosic substrates are summarized in Table 1.2, 
1.2 Variety and structure of growth substrates for mushroom cultivation 
Conditions required for the cultivation of mushrooms differ according to species. 
The major differences include variation in temperature and growth substrate. The most 
common substrates used for growing Z. edodes, P, sajor-caju and V, volvacea are cereal 
straws and woody substrates (Table 1.3 ). 
Lignocellulose consists of three major components: cellulose, hemicellulose and 
lignin. Cellulose is a polymer of glucose units linked by P-1,4 glycosidic bonds. 
Hemicellulose is a mixed polymer of both pentoses and hexoses. The xylan polymer of 
hemicellulose is substituted with acetyl, arabinosyl and glucuronyl residues which are 
cross-linked via esterified ferulic or /7-coumaric acids. Lignin is a three-dimensional 
aromatic polymer consisting of phenylpropanoid units (C6-C3) interconnected by stable 
C-C and C-0 bonds. In lignocellulose, the cellulose component is generally envelopped by 
a lignin-hemicellulose matrix. The structure is shown in Fig. 1.1. 
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Table 1.2 Approximate yields of different edible mushrooms: 
Species Substrate Yield (kg fresh wt./lOO kg dry matter) 
• • -• - V-
Lentinus edodes wood logs 40 
sawdust (polythene bag) 60-100 
Auricularia spp. wood logs 2-12 
sawdust (polythene bag) 70-75 
Tremella fuciformis wood logs 20? 
Pleurotus spp. pasteurized cereal straw 
(indoor) 100+ 
Coprinus spp. straw bales � 
(soaked in calcium nitrate) <60 
Agaricus hisporus composted cereal straw 
/animal manure mixture 65-80 
Volvariella volvacea straw (outdoor) 6-10 
cotton waste (indoor) 40+ 
Lepista nuda pasteurized straw 15-25 
Flammulina velutipes sterilized sawdust 
(polypropylene bags) 70-100 
(Smith, Fermor & Zadrazil 1988). 
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Table 1.3 Substrates for growth of L edodes, P.sqjor-cqju and V. volvacea: . 
Fungus Substates 
L. edodes Wood logs and sawdust of deciduous trees including Quercus spp., 
Carpinus spp., Cyclobalcmopsis spp. Castanopsis spp. and Fagus 
spp. 
P. sajor-caju Wood logs and sawdust, wheat and rice straw, bagasse, etc. 
V. volvacea Rice straw，cotton waste, sugarcane bagasse, 
(Chang and Quimio 1982) 
^ ^ i l M J J Hem 丨 cellulose 十於 
LIgnin-Hemicellulose Matrix 
Fig. 1 • 1 Scheme showing structure of lignocellulose ((Kirk 1985). 
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The relative proportions of these major polymeric components in lignocellulosic 
substrates that are currently used for mushroom cultivation are highly variable and range 
from nearly zero lignin in cellulose-enriched byproducts such as cotton waste to high 
lignin and relatively low cellulose residues such as woody materials (e.g. sawdust). The 
percentage of cellulose, hemicellulose and lignin in paddy straw and woody substrates are 
、 
shown in Table 1.4. 
Mushrooms species which are currently cultivated on a commercial scale exhibit 
considerable variation in their ability to grow and fruit on a particular lignocellulosic 
residue. L. edodes occurs naturally on dead deciduous wood and forms fruit bodies on 
woody substrates (e.g. sawdust) but not on paddy straw. The situation is reversed with 
V.volvacea which grows only on paddy straw and cotton wastes, whereas P. sajor-caju is 
more adaptable in utilizing both substrates for growth and fruit body formation. This 
fungal preference for a particular growth substrate restricts the adoption of substrates for 
mushroom cultivation. 
、 
Table 1.4 Lignocellulosic components of substrates used in mushroom cultivation: 
Cellulose Hemicellulose Lignin ' 
W (%) (%) 
Softwood 35-40 25-30 27-30 
Hardwood 45-50 20-25 20-25 
Rice straw (Oryza sativa) 36 IS ^ 
(Rexen et al 1988,. Dale 1987) 
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1.3 Mushroom growth and substrate-degrading enzymes 
Mushrooms lack chlorophyll and are heterotrophic saprophytes. Many mushrooms 
in natural environments, or in systems where they are commercially exploited, grow in 
lignocellulosic substrates. To capture the nutrients from lignocellulosic substrates, the 
mushroom must secrete enzymes which break down the substrate into soluble products 
which can then be absorbed into the fungal cell. The process, called nutritive absorption, 
is represented in Fig. 1.2 . 
v a c u o l e 
“ - - i p — - ENZYME 
r - ' " I A s e c r e t i o n 
^ ^ ^ ^ ^ i n s o l u b l e 
w a l l i <3 Z \ f o o d p a r t i c l e s 
. 丨 f 〜 ( . 
membrane 1 > I 
M > V 
c y t o p l a s m ； ^ V 
�� I a ^ \ •• 
I ••••••::• s o l u b l e f o o d 
t W J ABSORPTION p a r t i c l e 
Fig. 1.2 Nutritive absorption process (modified from Hayes, 1977). 
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Previous research has shown that certain edible mushrooms produce a range of 
extracellular hydrolytic and oxidative enzymes including cellulolytic, hemicellulolytic, 
ligninolytic and phenol-oxidizing enzymes. The primary function of hydrolytic enzymes 
such as cellulases and hemicellulases is to degrade the macromolecule polysaccharide 
components of lignocellulosic substrates into readily-assimilated low molecular weight 
compounds and thereby provide nutrition for fungal growth. 
Although the role of lignin-degrading and phenol-oxidizing enzymes in fungal 
growth is not well understood, the synthesis of lignin-degrading enzyme is recognized as 
an expression of secondary metabolism. Studies conducted specifically on lignin 
degradation and fungal growth indicated that natural polymeric lignin is unable to serve as 
the sole carbon and energy source (Kirk et al 1976). Fungal phenol oxidases are believed 
to detoxify and diminish the inhibitory effect of phenolic compounds which are 
constituents in lignocellulosic substrates or released during the fungal degradation of 
lignin- or tannin-related substrate compounds. These enzymes have long been considered 
to be involved in the conversion of complex phenols to simple aromatic compounds which 
can be absorbed by fungal mycelium and used for growth. Fungal degradation of 
lignocellulosic substrates is accomplished by different enzyme systems: 
1. Cellulolytic system 
The enzymatic hydrolysis of cellulose to simpler sugars (e.g. glucose) requires 
several enzymes which function synergistically. These enzymes can be grouped into three 
classes according to their mode of action: 
i. Endoglucanase: Endoglucanase initiates attack at multiple internal sites in 
amorphous zones of the cellulose substrate, thereby creating new sites for 
subsequent attack by exoglucanase. 
ii. Exoglucanase or cellobiohydrolase: Exoglucanase attacks at non-reducing end 
and cleaves cellobiose residues (i.e. dimer of glucose) from the glucan. 
9 
iii. Cellobiase or P-glucosidase. P-glucosidase cleaves the soluble oligomers and 
cellobiose released into glucose. ‘ 
The action mode of cellulolytic enzymes is shown in Fig. 1.3. 
Cellulose Amorphous regions 
��•^ Crystalline r e^ns 
EndoG j 
_ z \ K v _ 
******** 
ExoG � �^ 
Glue—項( ‘ 
\ J Oligomers 
，r 
• •••• • 
Sugars 
Fig. 1.3 Postulated action mode of cellulolytic enzymes. EndoG: 
endoglucanase; ExoG: exoglucanase; Glue: P-glucosidase 
(modified from Montenecourt & Eveleigh,1985 ). 
2. Hemicellulolytic system 
Hydrolysis ofhemicellulose also involves synergistical reactions. Enzymes required 
for complete hydrolysis include xylanase, P-xylosidase, a-arabinosidase and esterase. 
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Xylanase and P-xylosidase cleave the p-glycosidic bonds of polymeric xylan into pentose 
and hexose. Two esterases: i.e. acetylxylan esterase and ferulic acid esterase have been 
identified as components of the xylanolytic system. Acetylxylan esterase cleaves acetyl 
substitutent groups from the xylan backbone chain of xylan while ferulic acid esterase 
hydrolyzes ester links between the xylan residues and aromatic acid. In extracellular 
protein produced by the white-rot basidiomycete Schizophyllum commune, these enzymes 
were able of debranching heteroxylans and hydrolyzing P-l,4-xylan backbone (MacKenzie 
& Bilous 1988). The proportion of hemicellulolytic enzymes varies with the type of 
substrate. MacKenzie and Bilous (1988), found that, in Schizophyllum commune 
cultures, extracellular xylanase and esterase levels were higher when cellulose rather than 
xylan served as the carbon source. In contrast, levels of arabinofuranosidase was higher in 
xylan-supplemented cultures. 
3. Ligninolytic system 
Lignin breakdown is a more complex process and involves both oxidation and 
reduction reactions. The most widely used fungal model adopted to study lignin 
biodegradation is the white-rot basidiomycete Phcmerochaete chrysosporium (syn: 
Sporrotrichum pulverulentum). Enzymes involved in the oxidative attack include mainly 
lignin peroxidase (or ligninase) and manganese-dependent peroxidase (Tien & Kirk 1983； 
Glenn etal 1983； Glenn & Gold 1985). The catalytic action of both lignin peroxidase and 
manganese-dependent peroxidase requires the hydrogen peroxide (HjOj) as electron 
donor. Lignin peroxidase oxidizes non-phenolic electron-rich aromatic rings to the 
corresponding radical cations. Characteristic reactions of radical cations from lignin and 
lignin model compounds including C^-Cp cleavage and cleavage of the P-0-4 ether bond 
are shown in Fig. 1.4. 
Manganese peroxidase is an HjOj-dependent heme protein which catalyzes the 
Mn2+-dependent oxidation of a variety of phenolic lignin model compounds. Mn-
11 
peroxidase oxidizes Mn� . to Mn^ which is responsible for the oxidation of the organic 
substrates. Manganese ion serves as an electron carrier in peroxidatic reactions (Fig. 1.5). 
t OCH3 
�CH3 j o l 
0CH3 
、 
4 0 9 x ： ^ 
HO “ I 
r f ^ 0CH3 0CH3 
~ ^ — — C H O 
I 
OCH3 
Fig. 1.4 Scheme showing ligninase action on C^-Cp (a) and P-0-4 (b) 







O^dized 丫 PeroxM2 y AH 
products ^ Oxidized \ + 
2 PeroxM2 
Fig. 1.5 Scheme showing action mode of manganese-dependent peroxidase 
(Perox M2 ) in the oxidation of aromatic substrates (AH) 
(Paszczynski efal 19S6). 
Cellobiose dehydrogenase (or cellobiose : quinone oxidoreductase ) and phenol 
oxidases, including laccase, peroxidase and tyrosinase, are also believed to be involved in 
lignin biodegradtion. As early as 1928, Bavendamm (1928) suggested a correlation 
between the production of phenoloxidases and the ability of a fungus to degrade lignin. 
The addition of laccase to kraft lignin agar plates restored the lignin-degrading ability of a 
phenoloxidase-less mutant of Phanerochaete chrysosporium (Ander & Eriksson 1976). 
However, there is apparently no sound experimental evidence that phenol oxidases alone 
can mediate extensive lignin degradation. These enzymes appear to be more involved in 
the oxidation of lignin degradation products (e.g. low molecular weight phenolic 
compounds) rather than in the direct cleavage of bonds linking the phenylpropanoid units 
(Fig.1.6). 
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There are relatively few scientific papers showing that the production of 
lignocellulose-degrading enzymes is correlated directly with fungal growth. Wood (1984) 
have reported that, in cases of some fungi, the production of extracellular enzymes 
involved in lignocellulose degradation is closely coupled to fiingal growth and colonization 
of the substrate. Moreover, earlier studies showed that endoglucanase production was 
tightly coupled to fruit body development and mycelial metabolism in Agaricus (Wood 
and Goodenough 1977; Manning and Wood 1983). In Schizophyllum commune and A. 
bisporus，laccase activity is also considered to play a role in fruit body morphogenesis 
(Philips and Leonard 1976; Wood 1980). It is clear that the ability of a fungus to produce 
substrate-degrading enzymes is a very important factor in fungal growth and that the study 
of extracellular enzymes of mushrooms will facilitate a better understanding of mushroom 
growth and substrate utilization. 
、 
)H O 
^ ^ Tyrosinase — 
3H 0 
Oxidized Reduced 
OH Laccase Laccase OH 
Fig. 1.6 Activity of phenol oxidases (Ander & Eriksson 1978). 
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1.4 Purpose of study 
Studies conducted in this area have largely been restricted to the species Agaricus 
hisporus. This mushroom has, for example, been shown to secrete the following enzymes: 
endoglucanase, exoglucanase, P-glucosidase, laccase, proteases, xylanases, laminarinase, 
lipase, DNase, RNase, glucosaminase and iV-acetyl-muramidase (Wood 1984). Some data 
relating to fungal extracellular enzyme production, or to substrate degradation, in cultures 
ofZ. edodes and Pleurotus spp. have also been obtained (Leatham 1985, Bourbonnais & 
Paice 1988, Tsuneda et al 1989, Forrester et al 1988, Daniel et al 1990). However, these 
studies have usually adopted an arbitarily chosen culture time before assaying enzyme 
activities. Such studies provide little information on the patterns of enzyme production and 
the variations that may occur in response to fungal growth and development. The position 
is made even more complicated due to the different culture conditions adopted, which in 
turn, will clearly influence the ability of the mushroom to produce extracellular enzymes. 
In some cases, the substrate-degrading ability of the fungus was judged by the final out-
come without looking at the patterns of enzyme production, that is, the cumulative 
degradation (or loss) of the substrate after fungal growth. This is less helpful in 
understanding the mechanism of fungal degradation of the substrate since the ability of 
fungi to produce enzymes necessary for the degradation of the lignocellulosic substrate 
might probably account for the colonization of the organism to its particular 
lignocellulosic material. 
The growth of K volvacea appears to be largely dependent on the composition of 
the growth substrate. When this mushroom was transferred from paddy straw to a 
substrate of lower lignin content, i.e. cotton waste, the production yield increased 
significantly from approximately 6-10% in terms of biological efficiency (i.e. yield of 
mushroom in proportion to the dry weight of substrate) to 40% (Chang 1974). Existing 
data concerning the extracellular enzymes of V. volvacea are minimal, and it is not clear 
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how this link between substrate composition and production yield is related to the activity 
of substrate-degrading enzymes produced by the mushroom. ‘ 
Therefore, the aims of the present study are: 
• To increase our understanding the relationship between the production of extracellular 
enzymes and fungal colonization and growth on a particular substrate by comparing 
the ability of the mushrooms in question to produce extracellular enzymes, in 
particular, the lignocellulose-degrading enzymes linked to the hydrolysis of cellulose 
and hemicellulose, and the oxidation of lignin. 
• To investigate the effects of other substrate components, specifically lignin- and 
tannin-related phenolic compounds, on fungal growth as well as on extracellular enzyme 
activity. 
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The following fungi were used in this investigation: ‘ 
a. Lentinus edodes, strain L54 
b. Pleurotus sajor-caju, strain P27 
c. Volvariella volvacea, strains V14, V34 and V45-2 
d. Phanerochaete chrysosporium, strain INA-12 (CNCM-I-398) 
L. edodes，P. sajor-caju and V. volvacea were from the culture collection of this 
Department. Fungi were maintained at 4°C (15°C the case of V, volvacea) on Potato 
Dextrose Agar (PDA) slant with periodic transfer. 
2.2 Media 
The media used in this investigation are indicated as follows: 
DMS Medium (per liter): 
2,2'-Dimethylsuccinic acid 1.46g 
Yeast extract O.lg 
KH2PO4 0.2g 
MgSO .^TH^O 0.05g 
CaCljJH^O 13mg 
Thiamine.HCI 2.5mg 
Solution of trace elements^ 1.0ml 
Various carbon sources were used as indicated. 
The final pH was adjusted to 5.0 with KOH (2M). 
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As low nitrogen medium (2.4mM), O.OSg NH4NO3 and O.lg L-asparagine were 
added as nitrogen source. For the high nitrogen medium (24mM), 10-fold of each nitrogen 
compound was included. 







Modified DMS -1 Medium 
The composition of Modified DMS-1 is same as that of DMS medium except that 
the Trace elements Solution and Thiamine.HCl were replaced by the following trace 
elements solution (1.0ml) and vitamin solution (0.5ml), respectively: 














b. Vitamin Solution (mg/1): 
Biotin 2 , 





Nicotinic acid 5 
DL-calcium pantothenate 5 
/7-Aminobenzoic acid 5 
Thioctic acid 5 
Modified DMS-2 Medium 
The composition of Modified DMS-2 is same as that ofDMS medium except that 
the trace elements Solution and Thiamine.HCl were replaced by the 10ml trace elements 
solution and 10ml vitamin solution of the LE medium, respectively. 
LE Medium (per liter): 
Glucose 20g 
Ammonium tartrate l . lg 
KH2PO4 Ig 
MgSO .^TH^O 0.25g 
CaCl2.2H20 . 0.05g 
的似-Aconitic acid 0.58g 
Mineral solution“ 10ml 
Vitamine solution办 10ml 
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* 
The final pH was adjusted to 5.2 with KOH (2M). 
0 
a: Mineral solution (g/1): 





� ZnSO^.THjO 0.1 
CUSO4.5H2O 0.01 




b: Vitamin solution (mg/1): 
Biotin 1 
Thiamine.HCl 100 
Nicotinic acid 10 
Calcium pantothenate “ 10 
Riboflavin 10 
Pyridoxine.HCl 10 
Folic acid 5 
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2.3 Culture Conditions 
2.3.1 Growth temperature 
Unless stated otherwise, the cultures of L, edodes, R sajor-caju and V. volvacea 
were incubated respectively at the following temperatures (®C): 25, 28 and 32. 
2.3.2 Growth Studies 
Fungal growth under various growth conditions was determined as follows: agar 
plates were inoculated in the center with a 4.0mm agar disc taken from the growing edge 
of a fungal culture growing on PDA. Radial growth was measured at eight equi-distant 
points at periodic intervals and the average used to assess fungal growth rates. Unless 
stated otherwise, values reported are the mean of three replicate cultures. 
2.3.2.1 Effect of pH on mycelial growth: Optimal pH values for mycelial growth of the 
three mushroom species were determined using PDA medium adjusted to different pH 
values with 2M KOH or 2M HCI. ‘ 
2.3.2.2 Effect of different carbon sources on mycelial growth: Fungi were cultivated 
on DMS medium containing 2% (w/v) agar in which glucose was replaced by one of the 
following alternative carbon source: arabinose, fructose, galactose, glucose, lactose, 
maltose, mannose, raffinose, xylose, cellobiose, sucrose or soluble starch. Initially, 
double-strength DMS medium, adjusted to pH 5.0, was sterilized by Millipore filtration. 
The filtered solution was then combined with an equal volume of a 4% (w/v) aqueous 
solution of agar previous sterilized by autoclaving at 15 psi/15mins. A sterile aqueous 
solution of the alternative carbon source was then added to a final concentration of 1.0% 
(w/v) and the complete medium dispensed into sterile Petri dishes. 
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2.3.2.3 Effect of lignin-related phenolic monomers and tannin derivatives on 
mycelial growth: Fungi were cultivated on DMS medium containing 2% (w/v) agar 
and supplemented with various concentrations of different lignin related phenolic 
monomers and tannin derivatives. Initially, double-strength DMS medium, adjusted to pH 
6.0, was filter-sterilized and then mixed with an equal volume of 4% autoclaved agar 
solution. This medium was supplemented with 1, 2, 5, or 10 mM (final concentration) 
lignin-related phenolic monomers, or 0.1%, 0.2%, 0.5%, 1.0% or 0.15% (w/v) tannin 
derivatives added as filter-sterilized aqueous solutions. The solubilization of phenolic 
compounds was facilitated by conversion to the potassium salt using 2M KOH. The 
following aromatic compounds were tested: 
(i) lignin-related phenolic monomers: 
� （a) 4- hydroxybenzoic acid, 
3-methoxy-4-hydroxybenzoic (vanillic) acid, 
3,5-dimethoxy-4-hydroxybenzoic (syringic) acid; 
(b) 4-hydroxycinnamic (p-coumaric) acid, ‘ 
3,4-dihydroxycinnamic (caffeic) acid, 
3- methoxy-4-hydroxycinnamic (ferulic) acid; 
(c) 4-hydroxybenzaldehyde, 
3 -methoxy-4-hydroxybenzaldehyde (vanillin). 
(ii) tannin derivatives: 
(a) tannic acid, 




2.3.3 Culture conditions for production of extracellular enzymes 
2.3.3.1 Tyrosinase 
Fungi were grown in 150ml Erlenmeyer flasks containing 30ml DMS 'low nitrogen' 
or 'high nitrogen' medium. After inoculation with a plug of fungal mycelium grown on 
PDA medium, the cultures were maintained under stationary conditions and harvested 
periodically over experimental periods of 30, 20, and 20 days for L edodes, P.sajor-caju, 
and V, volvacea, respectively. Fungal mycelium was removed by filtration, and the culture 
supematants assayed for tyrosinase activity. 
2.3.3.2 Laccase 
V, volvacea and P, sajor-caju were grown in 250ml Erlenmeyer flasks containing 
30ml DMS 'low nitrogen' medium. After inoculation with a plug of fungal mycelium 
grown on PDA medium, the cultures were maintained under stationary conditions and 
harvested periodically over experimental periods of 24 and 23 days, respectively. Fungal 
mycelium was removed by filtration, and the culture supematants assayed for laccase 
activity. Laccase production by L. edodes was determined as described above except that 
LE medium replaced DMS medium and the experimental period was extended to 29 days. 
2.3.3.3 Manganese-dependent Peroxidase and Lignin Peroxidase 
Fungi were grown in 150ml Erlenmeyer flasks containing 30ml modified DMS-2 
•low nitrogen* or •high nitrogen' medium. After inoculation with a plug of fungal mycelium 
grown on PDA medium, the cultures were maintained under stationary conditions and 
harvested periodically over experimental periods of 56, 32, and 24 days for L. edodes, 
P.sajor-caju, and V. volvacea, respectively. Fungal mycelium was removed by filtration, 
and the culture supematants assayed for the activities of manganese-dependent peroxidase 
and ligni^ peroxidase. 
‘ ‘ ‘ / 
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The culture of the white-rot fungus Phanerochaete chrysosporium grown under 
the conditions described above over experimental period of 10 days was used as reference 
culture for examination for the activities of manganese peroxidase and lignin peroxidase. 
2.3.3.4 Cellulolytic and Xylanolytic enzymes 
a. V, volvacea strains: Fungal growth from a 4-day PDB culture (50ml in a 250ml 
Erlenmeyer flask) was harvested aseptically and transferred to a Waring blender containing 
50ml sterile distilled water. Hyphae were fragmented by three ISsecond burst of the 
blender, and 1ml hyphae suspension used to inoculate 40ml modified DMS-1 •high 
nitrogen' medium (pH 6.0) contained in 150ml Erlenmeyer flasks. Crystalline cellulose 
(Sigmacel, 1.0%, w/v), oat spelt xylan (1% w/v) or paddy straw (1% w/v, dry weight), 
milled to pass a 0.9mm diameter mesh size, replaced glucose as the growth substrate. The 
insoluble carbon sources were sterilized separately in stopped flasks by autoclaving at 15 
psi for 20 mins before adding the filter-sterilized solution of mineral salts and vitamins. 
Where indicated, 0.2% (v/v) sorbitant monooleate (Tween 80) was added to the mineral 
salts solution prior to filter-sterilization. 
Cultures were shaken at ISOrpm to ensure substrate material remained suspended. 
The supematants of 3 replicate cultures were collected separately every 2 days over a 10 
day experimental period by filtering flask contents through a glass fibre filter and 
examined for extracellular cellulases and xylan-degrading enzyme activities. 
Fungal mycelium was separated from undegraded substrate material and washed 
free of residual extracellular protein by washing under running tap water, pressing through 
a metal mesh and finally washing with distilled water until no absorbance at 280nm was 
detected. Excess water was removed by gentle squeezing in cheese cloth and the mycelium 
was either broken immediately or saved at -20®C until required. Harvested mycelium was 
suspended in 3-4ml of KOH-KH^PO- buffer (SOmM, pH 6.2) and broken using a Potter-E-
type glass homogenizor. The extraction was carried out in an ice-water bath to maintain 
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the temperature between 10®C. The homogenate was clarified by centrifugation at lOOOxg^  
for lOmins and the supernatant collected and assayed for enzyme activity. ‘ 
In initial experiments, some contamination problem were encountered. However, 
due to the insoluble nature of the substrates, it was difficult to determine the presence of 
contamination simply on the basis of visual assessment. Therefore, cultures were routinely 
sampled for bacterial growth by transferring material to a nutrient agar plate. 
b. L. edodes and P. sajor-caju: Fungi were grown as in (a) with 2 modifications: 
(i) Modified DMS-2 medium, adjusted to pH 5.2 or 6.0 for L edodes and P.sajor-
caju respectively, replaced DMS medium. A small amount (0.05%, w/v) of glucose was 
incorporated in order to initiate fungal growth but without repressing enzyme production, 
(ii) Sawdust (1% w/v, dry weight) of Castanopsis fossa supplemented with 0.5% 
(w/v) wheat bran was used instead of paddy straw. To prepare the sawdust, wood chips 
were dried overnight at 60°C and milled to pass a 0.9mm diameter mesh size. 
Cultures were inoculated with shaking (200rpm) and harvested periodically as in 
(a) over a 35-day experimental period. 
2.3.3.5 Lipase 
V, volvacea was grown as in Section 2.3.3.4. The following compounds (w/v): 
glucose (1.0%), glycerol (1.0%), carboxymethyl cellulose (0.25%) and cellobiose (0.25%) 
served separately as the sole carbon source. Where indicated, 1.0% of Tween 80 (w/v) 
was included to the media. After 6 days of incubation, the culture supematants were 
harvested and assayed for lipase activity. 
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2.3.4 Culture conditions for studying properties of cellulolases of V. volvacea 
2.3.4.1 CMCase 
Fungi were grown as in Section 2.3.3.4(a) using crystalline cellulose serving as 
carbon source in presence of sorbitant monooleate (0.2% v/v). After 7 days of incubation, 
culture supernatant and mycelium were prepared with the same procedure described in ‘ 
the same section and assayed qualitatively for CMCase activity by Congo red staining 
method. 
2.3.4.2 CMCase, FPase and P-Glucosidase 
Cultures were grown as in Section 2.3.3.4 (a) with 2 modifications: 
(i) DMS low nitrogen' medium (pH 6.0) was used. 
(ii) glucose served as carbon source 
Fungi were incubated under stationary conditions. Culture supematants were 
harvested periodically over a 13-day experimental period and assayed for enzyme activity. 
• 
2.3.4.3 P-Glucosidase 
Medium, inoculum and fungal culture were prepared as in Section 2.3.4.2 with 
the following modifications: 
(a) 0.5% (w/v) cellobiose replaced glucose as carbon source; 
(b) after 10 days of incubation, three flasks of culture were treated respectively by 
incorporating additional cellobiose or glucose (total 6 flasks). Quantity of the added 
glucose or cellobiose corresponded to 0.5% (w/v). The treated and intact cultures were 
incubated continuously. After 24 and 48 hours of incubation after the treatment, hyphae 
and culture supernatant of both untreated and treated cultures were harvested. 
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Harvesting and preparation of culture supernatant and mycelium were carried out 
as in Section 2.3.3.4 and assayed for P-glucosidase activity. ‘ 
. . . • 
2.4 Enzyme assay 
The following enzyme assays were used in this investigation. Unless stated 
otherwise, assays were carried out at the optimum growth temperature concerned; i.e. 25° 
C, 28°C and 32°C forZ. edodes, P. sajor-caju and V, volvacea, respectively. 
2.4.1 Tyrosinase 
Tyrosinase was assayed spectrophotometrically according to the method 
described by Leatham and Stahmann (1981). The reaction mixture contained in a total 
volume of 3.0ml: SOmM sodium acetae (pH 4.2) and l.TmM L-dihydroxyphenyl alanine 
(L-DOPA), and an appropriate amount of culture supernatant. Assays were performed in a 
DU-7 (Beckman) spectrophotometer at 30�C and the activity of L-DOPA measured from 
the increased absorbance at 475nm. 
2.4.2 Laccase 
Laccase activity in culture supematants was determined using three different 
methods previously described in the literature. Controls contained boiled culture 
supernatant, and assays were carried out in a DU-7 spectrophotometer (Beckman). One 
unit of enzyme activity is defined as production of delta optic density by 0.0001 per ml 
culture supernatant per minute. 
a. ii-Tolidine Method: 
Laccase was determined with o-tolidine using the method described by Leatham & 
Stahmann (1981) and Leatham (1985). The reaction mixture contained in a total volume 
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of 3.0ml: SOinM sodium acetate (pH 4.5), ImM o-tolidine, and 0.5ml culture supernatant 
added after a 3 minute equilibration period to initiated the reaction. Enzyme activity was 
determined from the rate of increase in absorbance at 600nm measured over an initial 5 
minute incubation period. 
b. 2,2'-Azino-bis-3-ethylbenthiazoline-6-sulphonate (ABTS) Method: 
Laccase activity using ABTS was determined by the method described by 
Bourbonnais & Paice (1988). Reaction mixtures contained in a total volume of 3.0ml: 
O.IM sodium acetate buffer (pH 4.5), 0.03% (w/v) ABTS, and 0.1ml culture supernatant. 
Oxidation of ABTS was measured by monitoring the increase in absorbance at 415nm 
over an initial 10 minute period. 
c. Syringaldazine Method: 
Laccase activity using syringaldazine was measured using a modified version of the 
method described by Leonowicz & Grzywnowicz (1981). The reaction mixture contained 
in a total volume of 3.0ml: 2.2ml O.IM potassium phosphate buffer (pH 6.0) and O.Sml of 
culture supernatant. After equilibration at 30°C for 3 minutes, the reaction was initiated by 
addition of 0.5ml syringaldazine dissolved in absolute methanol (0.078mg/ml). Enzyme 
activity was calculated from the increase in absorbance at 530nm over an initial 5 minute 
period. 
When evaluating the effect of pH on laccase activity from L54 and P27, enzyme 
assays were carried out as described above except that the designated buffer was replaced 
by 0. IM Na^HPCVcitric acid adjusted to pH values ranged from 2.6 to 7.0. 
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2.4.3 Lignin peroxidase 
Lignin peroxidase activity was assayed spectrophotometrically by measuring the 
oxidation of veratryl alcohol to veratraldehyde in the presence of hydrogen peroxide at 
3 lOnm as described by Kirk et al (1986). The reaction mixture contained in a total volume 
of 3.0ml: O.IM sodium tartrate (pH 3.0), 0.4mM veratryl alcohol, culture supernatant and 
0.2mM hydrogen peroxide (HjOj). The reaction was initiated by addition of HjOj to the 
reaction mixture after equilibration at 37®C for 3 minutes and the increase in absorbance 
monitored over an initial 5 minute period using a DU-7 spectrophotometer (Beckman). 
One unit of activity was defined as the quantity of protein (fag) required to produce 
an increase in absorbance at 310nm of 0.10 unit per minute. In all cases, the increase in 
absorbance during the first minute was linear with time and was used for calculating 
enzyme activity. 
2.4.4 Manganese-dependent peroxidase 
Manganese-dependent peroxidase was assayed at 37°C by the method described by 
Glenn et al (1986). The reaction mixture contained in a total volume of 1.0ml: 50mM 
sodium lactate (pH 4.5), manganese sulphate (40niM) and culture supernatant. The 
reaction was initiated by addition of hydrogen peroxide (40^M) and the increase in 
absorbance at 240nm measured for the initial 5 minute period. The composition of 
controls and test samples are detailed in Table 2.1. 
One unit of activity is defined as the quantity of protein (|ig) required to produce 
an increase in absorbance at 240nm of o.lO unit per minute. In all cases, the increase of 
absorbance over the first minute was linear with time and used for calculating enzyme 
activity 鲁 
29 
Table 2.1 Reaction mixture of enzyme assay for manganese-dependent peroxidase: 
Buffer MnS04 H^Oj Culture Boiled 
supernatant culture ‘ 
supernatant 
Control 1 0.900 0.0250 0.0250 0 0.0500 
Control 2 0.925 0 0.0250 0.0500 0 
Control 3 0.925 0.0250 0 0.0500 0 
Sample 0.900 0.0250 0.0250 0.0500 0 
2.4.5 Exoglucanase (avicelase): 
Exoglucanase activity was determined by measuring the amount of reducing sugar 
released from Avicel by the Somogyi-Nelson method (1954) using glucose as standard. 
Enzyme was mixed with the substrate (1.0% avicel (w/v) suspended in 50mM phosphate 
buffer, pH 6.2) and incubated at 50 ®C for 60 minutes with shaking. At the end of the 
incubation period, the reaction was stopped by adding 1.0ml Somogyi reagent to the 
reaction mixture. The composition of controls and test samples are detailed in Table 2.2. 
The mixture was then boiled for 15 minutes, cooled to room temperature and 1.0ml 
Nelson reagent added. After mixing thoroughly, the mixture was centrifuged at 300 x g 
for 5 minutes. The supernatant was measured at 520nm to assess the formation of 
reducing sugars and the activity of avicelase. 
According to the lUPAC, one unit of enzyme activity (lU) was defined as quantity 
of protein (|ag) required to produce one micromole of reducing sugars per minute at 50° 
C. 
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Table 2.2 Reaction mixture of avicelase assay (ml): * 
Assay type KH2PO4-KOH buffer Avicel suspension Crude enzyme 
(SOmM, pH 6.2) (1%, w/v) or diluted enzyme 
control 1 2.2 0.8 0 
control 2 2.5 0 0.5 
sample L7 0.8 
2.4.6 Endoglucanase (carboxymethylcellulase or CMCase): 
Endoglucanase activity was determined by measuring the amount of reducing 
sugar released from Carboxymethylcellulose (sodium salt) by the Somogyi-Nelson method 
(1954) using glucose as standard. Enzyme sample was mixed with the substrate solution 
(CMC) and incubated at 50 ®C for 30 minutes. The composition of controls and test 
samples are detailed in Table 2.3. At the end of incubation period, the reaction was 
stopped by adding 1.0ml Somogyi reagent to the reaction mixture. The mixture was then 
boiled for 15 minutes, cooled to room temperature and 1.0ml Nelson reagent added. After 
mixing thoroughly, the mixture was centrifuged at 300 x g for 5 minutes. The supernatant 
was measured at 520nm to assess the formation of reducing sugars and the activity of 
CMCase. 
One unit of enzyme activity (lU) was defined as quantity of protein (|ag) required 
to produce one micromole of reducing sugars per minute at 50®C. 
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Table 2.3 Reaction mixture of CMCase assay (ml): 
Assay type KH^PCVKOH buffer CMC solution Crude enzyme 
(50mM, pH 6.2) (2%, w/v) or diluted enzyme 
control 1 2.2 0.8 0 
control 2 2.5 0 0.5 
sample 1.7 0.8 0.5 
2.4.7 Filter-paper digesting enzyme (FPase): 
Filter paper digesting enzyme activity was determined by measuring the amount of 
reducing sugar released from filter paper (Whatman No. 1) by the Somogyi-Nelson 
method (1954) using glucose as standard. The assay was carried out by the same method 
described above for avicelase except that the avicel suspension was replaced by a ribbon of 
filter paper (Whatman N° 1) with size of approximately 1 x 2 cm. To facilitate the contact 
of enzyme and substrate, the paper ribbon was rolled and placed to the bottom of test 
tube. The axis of the paper roll was parallel to that of test tube. 
One unit of enzyme activity (lU) was defined as quantity of protein (|ag) required 
to produce one micromole of reducing sugars per minute at 50°C. 
2.4.8 P-Glucosidase: 
P-Glucosidase activity was determined by measuring the amount of /7-nitrophenol 
(PNP) released from /?-nitrophenyl-P-D-glucopyranoside (PNPG) using PNP (Merck) as 
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standard. Enzyme was incubated with the PNPG solution (40mM) at 45°C for 30 
minutes. The composition of controls and test samples are detailed in Table 2.4. At the 
end of incubation period, the reaction was stopped by the adding 3.0ml sodium carbonate 
(l.OM) to the reaction mixture. After mixing, the mixture was determined 
spectrophotometrically at 400nm to assess the amount of released PNP and the activity of 
P-glucosidase. 
One unit of enzyme activity (lU) was defined as quantity of protein (jig) required 
to produce one micromole of PNP per minute at 45®C. 
Table 2.4 Reaction mixture of P-glucosidase assay (ml): 
Assay type KH^PO^-KOHbuffer PNPG (40mM) Crude enzyme 
(50mM, pH 6.2) or diluted enzyme 
control 1 . 0.950 0.050 0 
control 2 0.950 0 0.050 
sample 0.900 0.050 0.050 
V 
When evaluating the effect of pH and temperature on the activities of CMCase, 
avicelase and p-glucosidase, both sodium citrate (SOmM) and KH^PO^-KOH (50mM) 
buffers with pH capacity ranging respectively from value 3.2 to 6.2 and from 5.8 to 8.0 
were used. Culture supernatant harvested from the culture of K volvacea grown on 
cellulose or paddy straw suspension was used. To determine the effect of pH on enzyme 
activity, assays were carried out at 50®C. To determine the effect of temperature on 
enzyme activity, assay were carried out at the temperature ranged from 30®C to 80®C with 
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10®c as interval (25®C to 50°C with an interval of 5®C in the case of p-glucosidase) at 
appropriate pH for most high relative activity of each enzyme. • 
2.4.9 Xylanase 
Xylanase activity was determined by measuring the amount of reducing sugar 
released from xylan (birch) by the Somogyi-Nelson method (1954) using xylose as 
standard. Enzyme was mixed with the substrate solution (birch xylan suspended in the 
phosphate buffer) and incubated at 50 °C for 30 minutes with shaking. The composition of 
controls and test samples are detailed in Table 2.5. At the end of the incubation period, 
the reaction was stopped by the adding 1.0ml Somogyi reagent to the reaction mixture. 
The mixture was then boiled for 15 minutes, cooled to room temperature and 1.0ml 
Nelson reagent added. After mixing thoroughly, the mixture was centrifuged at 300 x g 
for 5 minutes. The supernatant was measured at 520nm to assess the formation of 
reducing sugars and the activity of xylanase. ‘ 
One unit of enzyme activity (lU) was defined as quantity of protein (fag) required 
to produce one micromole of reducing sugars per minute at 50®C. 
2.4.10 p-Xylosidase 
P-xylosidase activity was determined by measuring the amount of PNP from p-
nitrophenyl-P-D-xylopyranoside (PNPX) using PNP (Merck) as standard. Enzyme was 
incubated with the PNPX solution (25mM) at 45°C for 30 minutes. The composition of 
controls and test samples are detailed in Table 2.6. At the end of incubation period, the 
reaction was stopped by the adding 3.0ml sodium carbonate (l.OM) to the reaction 
mixture. After mixing, the mixture was determined spectrophotometrically at 400nm to 
assess the amount of released PNP and the activity of P-xylosidase. 
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One unit of enzyme activity (lU) was defined as quantity of protein (|ig) required 
to produce one micromole of PNP per minute at 45®C. ‘ 
', . •••.， 
Table 2.5 Reaction mixture of xylanase assay (ml): 
Assay type KH2PO4-KOH buffer Xylan suspension Crude enzyme 
(SOmM, pH 6.2) (0.3%, w/v) or diluted enzyme 
control 1 2.2 0.8 0 
control 2 2.5 0 0.5 
sample L7 0.8 O.S 
Table 2.6 Reaction mixture of p-xylosidase assay (ml): 
Assay type KKyPCVKOH buffer PNPX (25mM) Crude enzyme 
(SOmM, pH 6.2) or diluted enzyme 
control 1 0.950 0.050 0 
control 2 0.950 0 0.050 
sample 0.900 0.050 0.050 
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2.4.11 Lipase 
Lipase activity was determined by the tributyrin diffusion method described in the 
literature (Lawrence et al 1967; Oso 1978; Roberts et al 1987) using lipase of Candida 
cylindracea as standard. Tributyrin agar plate was prepared by adding 1.0ml tributyrin 
to 99ml KH2PO4-KOH buffer (SOmM, pH 7.0 ) and homogenized in a Waring blender at 
setting of high speed for 5 minutes to produce tributyring homogenate. The homogenate 
was then combined with 270ml agar suspension (1.3% in the same phosphate buffer). 
20ml of the tributyrin-agar mixture was poured to a Petri dish. After solidification, five 
wells (diameter of 2mm) were cut into each plate. 5.0 [i\ of enzyme sample (e.g. culture 
supernatant) was applied to the well and the applied plate was incubated at 37°C for 24 
hours. As control, the corresponding boiled sample was applied to one of the five wells. 
After incubation, diameter of formed clear zone was measured to evaluate the activity of 
lipase. The activity of lipase was presented as units/ml. One unit will hydrolyze 1.0 |imole 
equivalent of fatty acid from a triglyceride in one hour at 37°C. The linear relation 
between log concentration of lipase activity (X) and diameter of clear zone (Y) was 
regressed as Y = 5.34 X + 6.25 (goodness of fit = 0.998), where the concentration of 
lipase was expressed by number of unit per 5.0 \x\. 
2.5 Other analytical methods 
2.5.1 Determination of phenol oxidase activity by the Bavendamm reaction 
L, edodes, P. sajor-caju and V. volvacea were inoculated onto PDA medium 
supplemented with guaiacol (0.05%, v/v) or o-anisidine (0.02%, w/v). The formation of a 
colour zone surrounding the fungal colony was monitored over a 10-day and 7-day of 
incubation, respectively. 
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2,5.2 Qualitative evaluation of CMCase by Congo red staining 
Samples were assayed qualitatively for enzyme activity using a modified version of 
the method described by leather and Wood(1982). Culture liquid (25 pi) was applied to 
a well (4 mm dia.) cut into an agar plate (0.8%, w/v) containing 0.1%(w/v) 
carboxymethylcellulose sodium salt dissolved in 50 mM sodium citrate (pH 5.0). Each 
plate contained five wells. Boiled sample served as controls. Plates were incubated at 
3TC for 24 hours, stained with Congo red (0.1%) for 15 minutes and destained with 1.0 
MNaCl for 15 minutes. The visualized zones of hydrolysis were stabilized with IM HCl. 
The clear-zone formed (Fig.2.1) represent carboxymethyl-cellulose hydrolysis. In order to 
evaluate if the method could be adopted as a quantitative technique for measuring 
CMCase activity, a series of concentrations of commercial cellulase (Aspergillus niger, 
Sigma) were assayed under the same conditions. However, no regular relationship 
between the diameter of the zone of clearing and enzyme concentration was observed and 
the technique was adopted only as a a sensitive and qualitative means of evaluating 
、 
CMCase activity. 
_"I I I , well 
"^""iMyyiii^yyinn"'^  
Fig.2.1 Formation of clear zone showing CMCase activity 
on CMC agar plate after Congo red staining. 
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2.5.3 Effect of lignin-related phenolic monomers and tannic acid of the activity of 
CMCase of V. volvacea 
The following phenolic compounds were examined for their effect on CMCase 
activity produced by V. volvacea: /7-hydroxybenzoic acid, vanillic acid, syringic acid, 
cinnamic acid, caffeic acid, ferulic acid, /7-hydroxybenzaldehyde, vanillin and tannic acid. 
Each compound was incorporated into the reaction buffer to a final concentration of 
S.OmM. Enzyme assays were carried out at pH with 5.3 and 5.7 using the Somogyi-
Nelson method described in Section 2.4.5. Components of the reaction mixtures are 
shown in Table 2.7. 
Values are expressed as a percentage of the activity measured in the absence of 
phenolic compound at same condition and represent the mean of three replicates. Culture 
supematants from the shake cultures of V. volvacea (V34) grown on cellulose 
supplemented with Tween 80 (0.2%, v/v) for 7 days served as the source of enzyme. 
Table 2.7 Reaction mixture of enzyme assay (ml): 
Assay type Buffer + phenolics Buffer CMC (2.0%, w/v) Crude enzyme 
Control 1 0 0 050 
Control 2 0.25 0.50 0.25 0 、 
Control 3 0 0.75 0.25 0 
Sample 1 0.25 0 0.25 0.50 
Sample 2 0 0.25 0.25 0.50 
Sodium phosphate / citric acid (50mM, pH 5.3 or 5.7 according to the phenolic 
compound added) was used. CMC was dissolved in the corresponding buffer. 
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2.5.4. Protein determination 
Since some components (e.g. Tween 80) existing in various samples caused 
interference in the method of protein determination based on dye-binding (Coomassie 
blue), protein was routinely measured by the Lowry method (Lowry et al 1951) using 
bovine serum albumin as standard. Protein sample (0.5ml) was mixed with 2.5ml sodium 
carbonate (2%, w/v) dissolved in O.IM sodium hydroxide. The mixture was allowed to 
stand at room temperature (approximately 23°C) for exactly 10 minutes. Folin phenol 
reagent (0.25ml) was then added and the solution incubated at 37�C for further 30 
minutes. The optical density at 600nm was then measured and the protein concentration 
determined from a standard curve. 
2.5.5 Non-denaturing gel electrophoresis pattern of fungal lactases 
The culture supematants of P27 (34-day) and L54 (39-day) were subjected 
separately to polyacrylamide gel electrophoresis (PAGE). The applied volume of sample 
was 30 microliter. The concentrations of the stacking gel and the separating gel were 
respectively of 4% and 12%. After pre-running at 50 volts for 30 minutes, the 
electrophoresis was followed at 200 volts for 90 minutes at temperature from 0 to 4°C in 
a Miniprotean II (Bio-Rad). After electrophoresis running, the gel slab was incubated in 
100ml substrate solution containing separately o-Tolidine, ABTS and syringaldazine at the 
concentrations corresponding to the reciprocal enzyme assay. The incubation was carried 
out at the appropriate temperatures. Migration distance and colour of appeared bands 
were measured and recorded. 
2.6 Chemicals 
Chemicals used in this investigation were of analytical grade and purchased from 
several companies as indicated in Table 2.6. 
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Table 2.8 Source of chemicals used in this investigation: 
Chemical Description Source ‘ 
2,2'-Dimethylsuccinic acid Aldrich 
2,2'-azinobis-3- ABTS Mannheim 
ethyIbenthiazoline-6-sulphonate 
3.4-dihydroxycinnamic (caffeic) Aldrich 
acid 
3.5-dimethoxy-4- Aldrich 
hydroxybenzoic (syringic) acid 






4- hydroxbenzoic acid Aldrich 
4-hydroxybenzaldehyde Aldrich 
4-hydroxycinnamic (p- Aldrich 
coumaric) acid 
A1K(S0 丄 Univar 
Ammonium tartrate Univar 
Avicel Sigmacell (cellulose) Sigma 
type 20 















Folic acid . Sigma 
Fructose Sigma V 



















Nicotinic acid Sigma 
Nitrilo triacetate Sigma 
o-Anisidine Sigma 
o-Tolidine Sigma 







Potato dextrose agar infusion PDA Biolife 






Sawdust Castanopsis fossa Collected in Tai Po Road, 
N.T., Hong Kong 
0 
Soluble starch Sigma 
Syringaldazine Sigma 
Tannic acid Riedel-De Haen Ag Seelze-
Hannover 
/ran^-Aconitic acid Sigma 
Tributyrin Sigma 
Tween 80 Difco 
Veratryl alcohol Aldrich 
Xylan Sigma 
Xylose Sigma 
Yeast extract Difco 
ZnSQ^.7H,0 Univar ： _ 
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3.1 Growth and Nutritional characteristics 
3.1.1 Fungal growth on defined and non-defined culture media 
» 
Non-defined complex culture media are often unsuitable for studies of enzyme 
production since the effects of unknown media components on enzyme production cannot 
be determined. Therefore, the ability of two previously documented defined culture media 
(DMS, LE) to support growth of the three fungal species was examined, and compared 
with a commercial product (PDA) routinely adopted for the cultivation of basidiomycetes. 
The results are shown in Fig.3.1. 
100 r 1 1 1 i 
80 — DMS DMS -
| > _ LE _ I I - -
I DMS \ ^ 兹 PDA 
L.e. P.sc. V.v. 
Fungal species 
Fig. 3.1 Growth of L edodes (L.e.), P. sajor-caju (P.sc.) and 
V.volvacea (V.v.) on different culture media. Growth rates were determined by 
measuring radial growth on agar plates and were recorded after the following 
incubation period: L.e., 12 days; P.sc. 8 days, V. v., 4 days. Values represent the 
mean of two replicate cultures. 
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All three fungal species grew better on DMS medium compared to PDA. V. 
volvacea exhibited the highest growth rate, followed by P. sajor-caju. L. edodes grew 
more slowly although improved growth rates were observed on LE medium compared to 
DMS and PDA. 
3.1.2 Effect of carbon source on fungal growth 
The differing abilities of several monosaccharides, disaccharides and starch to 
support the growth of L. edodes’ V. volvacea and P. sajor-caju are shown in Fig.3.2. 
All the carbon sources tested supported some degree of growth of the 
three fungi although lactose and xylose were relatively poor growth substrates. All 
three fungi grew well in glucose and mannose, and galactose was a good growth 
substrate for P. sajor-caju. 
3.1.3 Effect of pH on fungal growth 
The .effects of a range of pH values (3.0-8.0) on fungal growth, determined by 
measuring radial growth on agar plates, are shown in Fig.3.3. L. edodes was highly 
tolerant of pH. This fungus grew relatively well over the entire range and exhibited a 
broad optimum between pH 4.0-6.0. Both P. sajor-caju and V. volvacea showed a 
preference for a higher range (pH 6.0-8.0) and no growth of these fungi was recorded at 
pH 3.0. In order to standardize conditions as much as possible, the following pH values 
were routinely adopted in fungal cultivation: L edodes, 5.0-5.2; P. sajor-caju and V. 
\ -
volvacea^ 6.0. • 
3.2 Effect of lignin-related phenolic monomers and tannin derivatives on fungal 
growth 
3.2.1 Effect oflignin-related phenolic monomers on fungal growth 
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Carbon source 
• Ledodes • P. sajor-caju ED V. volvacea V 
Fig. 3.2 Growth of L edodes (L.e.), P. sajor-caju (P.sc.) and V. volvacea 
(V.v.) on DMS 'low nitrogen' medium using different carbohydrates as carbon source. 
Growth rates were determined by measuring radial growth on agar plates and were 
recorded after the following incubation period: L.e., 10 days; P.sc. 7 days, V. v., 4 days. 
Values represent the mean of three replicate cultures. 
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30 — L.e. — 
6 0 - -
.ELsSlsm^ 
‘？ ^ 
S 80 - • P.sc. -
t j 60 - -B 
CS 
3 0 4.0 5.0 6.0 7.0 8.0 
pH 
Fig. 3.3 Growth of I . edodes (L.e.), P. sajor-caju (P.sc.) and V. volvacea. 
(V.v.) on PDA medium of different pH values. Growth rates were determined by 
measuring radial growth on agar plates and were recorded after the following incubation 
period: L.e.，7 days; P.sc. 4 days, V. v., 3 days. Values represent the mean of three 
replicate cultures. Error bars represent the standard deviations. 
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4-Hydroxyben2oic acid Vanillic acid Syringic acid 
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I I I 
CH CH CH 
II II II 
HC HC HC 
OH OH OH 
p-Coumaric acid Caffeic acid Ferulic acid 
.-vT' 
CHO CHO 
令 ^ ^ ^ OCH3 
OH OH 
4 -Hydroxybenzaldehyde Vanillin 
. . .、 
Fig.3.4 Structures of lignin-related phenolic compounds. 
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Growth curves of V. volvacea, P. sajor-caju and L. edodes in the absence and in the 
presence of different concentrations of lignin-related phenolic compounds are shown in the 
series of Figures 3.3 to 3.11. In general, fungal growth as represented by an increase in 
# 
colony diameter was linear with time. 
The effects of different concentrations of the phenolic monomers on the growth of the 
three fungi are summarized in Fig.3.14. 
6 0 I i ！ i 1 ！ I I 1 
k . • ^ -i 4-Hydroxybenzoic acid r r - ^ 
4 0 卜 ^ ^ ^ -
_ , 1 ！ I I ！ 
i i 1 i 1 i “ 
r � V a n i l l i c acid 
I f ； 
。 f I ‘ ！ I • 
一 I i I i 
- Syringic acid ‘ _ 
4 。 - “ 
2。E : 
, I I I I ！ I 
0 6 12 18 2 4 3 0 3 6 4 2 4 8 
- - . - . . - — — _ . 
Incubation time(hr) "“ 
« 
Fig.3.5 Effects of benzoic acid derivatives on the growth of V. volvacea. 
Growth rates were determined by measuring radial growth on agar plates. Values 
represent the mean of three replicate cultures. Error bars are the standard deviations. 
When not shown, the error bars fall within the symbols. The concentrations of lignin-
related phenolic monomers added are: -0- (control, without phenolic compound), 
(ImM), (2mM) , - A-(5mM), (lOmM). 
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Fig.3.6 Effects of cinnamic acid derivatives on the growth of V. volvacea. 
Growth rates were determined by measuring radial growth on agar plates. Values 
represent the mean of three replicate cultures. Error bars are the standard deviations. 
When not shown, the error bars fall within the symbols. The concentrations of lignin-
related phenolic monomers added are: -0- (control, without phenolic compound), -T -
(ImM), (2mM) ’ • A-(5mM), (lOmM). 
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Fig.3.7 Effects of benzaldehyde derivatives on the growth of V. volvacea. 
Growth rates were determined by measuring radial growth on agar plates. Values 
represent the mean of three replicate cultures. Error bars are the standard deviations. 
When not shown, the error bars fall within the symbols. The concentrations of lignin-
related phenolic monomers added are: -o- (control, without phenolic compound), " 
(ImM), (2mM) , - A-(5mM), - • - (lOmM). 
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Fig.3.8 Effects of benzoic acid derivatives on the growth of P, sajor-caju. 
Growth rates were determined by measuring radial growth on agar plates. Values 
represent the mean of three replicate cultures. Error bars fall the standard deviations. 
When not shown, the error bars are within the symbols. The concentrations of lignin-
related phenolic monomers added are: -O- (control, without phenolic compound), - • -
(ImM), (2mM) , ••• ( 5 m M ) ’ ( l O m M ) . 
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Fig.3.9 Effects ofcinnamic acid derivatives on the growth of P. sajor-caju. 
Growth rates were determined by measuring radial growth on agar plates. Values 
represent the mean of three replicate cultures. Error bars fall the standard deviations. 
When not shown, the error bars are within the symbols. The concentrations of lignin-
related phenolic monomers added are: -0- (control, without phenolic compound), ••• 
(ImM), (2mM) , ( 5 m M ) ’ ( l O m M ) . 
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Fig.3.10 Effects of benzaldehyde derivatives on the growth of P. sajor-caju. 
Growth rates were determined by measuring radial growth on agar plates. Values 
represent the mean of three replicate cultures. Error bars are the standard deviations. 
When not shown, the error bars fall within the symbols. The concentrations of lignin-
related phenolic monomers added are: -o- (control, without phenolic compound), 
(ImM), (2mM)，• A-(5mM), - • - (lOmM). 
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Fig.3.11 Effects of benzoic acid derivatives on the growth of L. edodes. 
Growth rates were determined by measuring radial growth on agar plates. Values 
represent the mean of three replicate cultures. Error bars are the standard deviations. 
When not shown，the error bars fall within the symbols. The concentrations of lignin-
related phenolic monomers added are: - o - (control, without phenolic compound), 
(ImM), (2mM) ’ - A-(5mM), - • - (lOmM). 
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Fig.3.12 Effects of cinnamic acid derivatives on the growth of L. edodes. 
Growth rates were determined by measuring radial growth on agar plates. Values 
represent the mean of three replicate cultures. Error bars are the standard deviations. 
When not shown，the error bars fall within the symbols. The concentrations of lignin-
related phenolic monomers added are: -O- (control, without phenolic compound), 
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Fig.3.13 Effects of benzaldehyde derivatives on the growth of L. edodes. 
Growth rates were determined by measuring radial growth on agar plates. Values 
represent the mean of three replicate cultures. Error bars are the standard deviations. 
When not shown, the error bars fall within the symbols. The concentrations of lignin-
related phenolic monomers added are: -0- (control, without phenolic compound), -
(ImM), (2mM) ’ (5mM), (lOmM). 
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% 
(n Benzoic acid derivatives: Low concentrations (1 - 2mM) of 4-hydroxybenzoic 
acid had little or no effect on the growth of L. edodes. However, higher concentratrons 
(5-lOmM) of this phenol inhibited fungal growth by 16-24%. Methoxylated 
hydroxybenzoic acids were more inhibitory. 3,5-Dimethoxy-4-hydroxybenzoic acid 
repressed fungal growth by 68% when the concentration was higher than 2 mM, and by 2-
38% at 1 and 2 mM concentrations, respectively. Fungal growth was inhibited by 30-42% 
by 3 -methoxy-4-hydroxybenzoic acid over a concentration range from 1 to 10 mM. 
In the case of P.sajor-caju, 4-hydroxybenzoic acid was less toxic compared to 
Ledodes, Growth of P. sajor-caju was repressed by only 1-3% when the phenol 
concentration ranged from 2 to 10 mM. At 1 mM, no effect was observed. 3-Methoxy-4-
hydroxybenzoic acid stimulated fungal growth by 22-45% at the concentrations used in 
this study. Low concentrations (1 mM) of 3,5-dimethoxy-4-hydroxybenzoic acid also 
stimulated fungal growth, whereas concentrations higher than 2 mM inhibited growth by 
8-25% over that observed in controls containing no phenol. 
Growth of V.volvacea was suppressed between 20-55% by 4-hydroxybenzoic acid at 
concentrations ranging from 1 to 10 mM. Methoxylated derivatives of4-hydroxybenzoic 
acid at high concentrations were less inhibitory than 4-hydroxybenzoic acid itself: fungal 
growth was inhibited only 19% by 3-methoxy-4-hydroxybenzoic acid at lOmM 
concentration. This phenol at 2mM stimulated growth by 9-15% whereas lower levels had 
no effect. 3,5-diniethoxy-4- hydroxybenzoic acid was only slightly inhibitory and repressed 
fungal growth by 6-8% at concentration up to lOmM. 
(ii) Cinnamic acid derivatives: 4-hydroxycinnamic acid was inhibitory to L. edodes 
although at lower concentrations adopted, the degree of inhibition was not correlated with 
phenol concentration. Repression of growth ranged between 36-45% over the 1-lOmM 
concentration range (Fig3.14). 
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Fig.3.14 Effect of lignin-related phenolic monomers on the growth of 
L. edodes, P. sajor-caju and V. volvacea. Values are expressed as a percentage of the 
growth recorded in the absence of aromatic compound and represent the mean of three 
replicate cultures. Error bars are the standard deviations. The growth rate of each fungus 
varied and the values presented are those recorded as follow: L edodes, 252 hr; P. sajor-
caju, 186hr; V. volvacea, 48hr. In all cases, fungal growth rates were linear with time 
when the values shown were taken. The lignin related compounds added are indicated as 
follow: 
(A): 4-Hydroxybenzoic acid; (E): CafFeic acid; 
(B): Vanillic acid; (F): Ferulic acid; 
(C): Syringic acid; (G): 4-Hydroxybenzaldehyde; 
• (D): /7-Coumaric acid; (H): Vanillin. 
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The inhibitory effect of 3,4-dihydroxycinnamic acid was small when the concentration 
were at from 1 to 5 mM, 3-11% of growth was suppressed by the compound. The effect 
was more toxic when the concentration was higher (10 mM), 67% of growth was 
inhibited. 
The methoxylated derivative of cinnamic acid, ferulic acid, was stimulatory to L 
edodes at concentrations lower than 5mM. Increases in growth of 2-21% were observed 
over the concentration range l-5mM. However, higher concentrations (lOmM) of this 
phenol inhibited fungal growth by 34%. 
In general, cinnamic acid-type phenolic compounds were stimulatory to the growth of 
P.sajor-caju at all concentrations included in this study. Fungal growth was stimulated 30-
42% by 4- hydroxycinnamic acid, 24-45% by 3,4-dihydroxycinnamic acid and 1-49% by 
.3-methoxy-4-hydroxycinnamic acid over the 1-lOmM concentration range. Stimulation of 
fungal growth by ferulic acid decreased with increasing concentrations of the phenolic 
compound. • 
Apart from 3,4-dihydroxycinnamic acid of lower concentrations (1 or 2 mM), 
which stimulated slightly the growth of V. volvacea by 3- 7%, higher concentrations of 
both 4-hydroxycinnamic and 3 -methoxy-4-hydroxycinnamic acids and caffeic acid were 
inhibitory to the growth of the straw mushroom. Fungal growth was suppressed from 17-
68% by /?-coumaric acid when the concentration was increased from 1 to 10 mM, from 8-
26% by ferulic acid at lower concentrations (1 to 2mM), and between 55-77% at higher 
concentration (5 or 10 mM). Concentrations of caffeic acid of 5mM and lOmM inhibited 
fungal growth by 6% and 27%, respectively. 
(iii) Benzaldehvde derivatives: In general, the benzaldehyde-type phenolic 
compounds inhibited the growth of 丄.edodes. At 5 mM, 4-hydroxybenzaldehyde and 3-
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methoxy-4-hydroxybenzaldehyde totally inhibited the growth of this mushroom species 
(Fig.3.14). ‘ 
The effect of 4-hydroxybenzaldehyde and 3-methoxy-4- hydroxybenzaldehyde on 
P.sajor-caju varied with concentration. Growth was stimulated by 74% by 4-
hydroxybenzldehyde at ImM and inhibited 23% at 2mM. 3-Methoxy-4-
hydroxybenzaldehyde stimulated fungal growth by 49-68% when the concentrations were 
lower than 2 mM. However, no growth was observed when the concentration was 
increased to 5mM. 
4-Hydroxybenzaldehyde inhibited the growth of V.volvacea even at the lowest 
concentration used (ImM). Growth was repressed by between 31-52% at 1-2 mM 
concentrations. At 5mM, growth was completely suppressed. 3-Methoxy-4-
hydroxybenzaldehyde suppressed fungal growth by 66% at 1 mM, and at 2 mM no 
growth was observed. 
I -
3.2.2 Effect of tannin derivatives on fungal growth 
The chemical structures of the studied tannin derivatives are shown in Fig.3.14. 
The chemistry of tannins is complex and non-uniform, and for commercial tannic acid the 
empirical formula is given as C76H52O45. 
Growth curves of V. volvacea, P. sajor-caju and L. edodes in the absence of and in 
the presence of tannin derivatives are shown in Figs. 3.16, Fig.3.17 and Fig.3.18. In all 
cases, the growth rates were linear with incubation time, and the densities of the fungal 
colonies were similar. 
The effects of the three tannin-related phenolics on fungal growth are summarized 
in Fig.3.19. V. volvacea was more sensitive to both gallic and tannic acids compared to L. 
edodes and P. sajor-caju. The effect of the tannin derivatives studied was only marginal 
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on the growth of P. sajor-caju. Growth ofL. edodes was effected by gallic acid. Higher 
concentrations of this compound (0.05%) totally inhibited fungal growth, but at 
concentration lower than 0.02% stimulated the growth of this species. Similar effects were 
observed with tannic acid; growth stimulation occurred when the concentration was lower 
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Fi».3.15 Chemical structure of tannin derivatives. 
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Fig.3.16 Effects of tannin derivatives on the growth of V. volvacea. Growth 
rates were determined by measuring radial growth on agar plates. Values represent the 
mean of three replicate cultures. Error bars are the standard deviations. When not shown, 
the error bars fall within the symbols. The concentrations (w/v) of lignin-related phenolic 
monomers added are: -O- (control, without tannin derivative), (0.01%), 
(0.02%) , - A- (0.05%), (0.10%), -•-(0.15%). , 
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Fig.3.17 Effects of tannin derivatives on the growth of P, sajor-caju. 
Growth rates were determined by measuring radial growth on agar plates. Values 
represent the mean of three replicate cultures. Error bars are the standard deviations. 
When not shown, the error bars fall within the symbols. The concentrations (w/v) of 
lignin-related phenolic monomers added are: -O- (control, without tannin derivative), 
••. (0.01%), -•-’ (0.02%)， - A - (0.05%), (0.10%), (0.15%). 
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Fig.3.18 Effects of tannin derivatives on the growth of L, edodes. Growth 
rates were determined by measuring radial growth on agar plates. Values represent the 
mean of three replicate cultures. Error bars are the standard deviations. When not shown, 
the error bars fall within the symbols. The concentrations (w/v) of lignin-related phenolic 
monomers added are: -o- (control, without tannin derivative), (0.01%), 
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Fig.3.19 Effect of tannin derivatives on the growth of Ledodes, P. sajor-
caju and V. volvacea. Values are expressed as a percentage of the growth recorded in the 
absence of tannin compound and represent the mean of three replicate cultures. Error bars 
are the standard deviation. The growth rate of each fungus varied and the values presented 
are those recorded as follow: L. edodes, 264hr; P.sajor-cajii, 168hr; V. volvacea, 42hr. In 
all cases, fungal growth rates were linear with time when the values shown were taken. 
The lignin related compounds added are indicated as follow: 
(TA): tannic acid; 




3.3 Phenol Oxidase 
0 
3.3.1 Phenol oxidase 
3.3.1.1 Giiaiacol-reacting enzyme 
The abilities of L edodes, P.sajor-caju and V. volvacea, strain V34, to produce 
guaiacol-oxidizing enzyme (i.e. phenol oxidase) were determined qualitatively by the 
Bavendamm reaction. Results are shown in Fig. 3.20. Both L edodes and P.sajor-caju 
developed a dark brown colouration around the fungal colony indicating a positive 
reaction for the production of phenol oxidase. No colour zone was observed in cultures 
of V. volvacea and the results obtained here show that the straw mushroom is unable to 
produce phenol oxidase. An inhibitory effect on the growth of V. volvacea by guaiacol 
was observed. 
, I 
Fig.3.20 Production of phenoloxidases by L edodes (L54), P. sajor-caju (P127) and 
V二、'ohacea (V34) grown on PDA supplemented with 0.05% (v/v) guaiacol over 10 days 
growth. 
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3.3.1.2 0-Anisidine oxidizing enzyme 
The ability of a phenol oxidase enzyme reacting with o-anisidine is shown in Table 
3.1. Only L edodes and P.sajor-caju produced a coloured zone around the fungal colony 
indicative of phenol oxidase activity. 
Table 3.1 Phenol oxidase activity of I . edodes, P. sajor-caju and V. volvacea based 
on the production of a coloured product with o-anisidine: 
Fungus Formation of colour zone 
L. edodes + 
P. sajor-caju + 
V. volvacea -
+ and - indicate the presence or absence of a coloured zone surrunding the fungal 
colony grown on PDA supplemented with 0.02% (v/v) o-anisidine after an 
experimental period of 7 days. -
、 
Table 3.2 Tyrosinase production by L edodes, P. sajor-caju and V. vovacea: 
Fungus high nitrogen low nitrogen 
L.edodes + -
P. saor-caju - 一 
V.volvacea (V34) — : 
+ and 一 indicate the presence or absence of tyrosinase activity in 
culture supematants of fungal cultures grown on DMS-2 'high' or 'low' 
nitrogen medium. 'High' and 'low' nitrogen levels were 24mM and 2.4mM, 
respectively. Results presented show the activity determined during 
periodic sampling of three replicate cultures over the following 
experimental periods: L.edodes, 30 days; P.sajor-caju, 20 days; 
V.volvacea, 20 days. 
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3.3.2 Tyrosinase e 
The ability of V. volvacea, P. sajor-caju and L edodes to produce tyrosinase in 
0 
submerged culture under 'high' and 'low' nitrogen conditions is shown in Table 3.2. 
Tyrosinase activity was only detected only in cultures of L. edodes and then only under 
conditions of'high' nutrient nitrogen. 
3.3.3 Laccase 
3.3.3.1 Laccase detected by o-Tolidine, ABTS and Syringaldazine 
... •- - - . . - - ‘ 
Laccase activity in culture of L. edodes, P. sajor-caju and V. volvacea was 
measured using three published assay procedures. As shown in Table 3.3, high levels of 
laccase were detected in cultures of L edodes and P. sajor-caju, respectively when 
ABTS and syringaldazine served as enzyme substrates. No laccase activity was detected 
in cultures of V. volvacea using all three assay procedures. 
3.3.3.2 Effect of pH on laccase activity 、 
Effect of pH on laccase produced by L. edodes and P. sajor-caju using different 
enzyme substrates is shown in Figs.3.21 and 3.22, respectively. 
The pH for maximum enzyme activity varied with the substrate used in the enzyme 
assay. In the case oil. edodes, the pH for maximal laccase activity was measured as 4.6 
using o-tolidine or syringaldazine. Maximum activity of the enzyme using ABTS was 
obtained at pH 3.0.(Fig.3.21). 
The pH for maximal laccase activity produced by P. sajor-caju also varied when 
different enzyme substrates were used. The pH optima were 5.0, 3.8 and 6.2 using o-
tolidine, ABTS and syringaldazine as substrates, respectively (Fig.3.22 ). 
69 
Table 3.3 Laccase activity in submerged cultures of L edodes, P.sajor-caju and V. 
volvacea (V34): 
Substrate for enzyme assay Ledodes P.sajor-caju V.volvaceq^ 
o-Tolidine + + 一 
ABTS + + — 
Syringaldazine + ^ I 
+ and - indicate the presence or absence of laccase activity in culture 
supematants of fungal cultures grown on: L edodes’ LE medium; P. sajor-caju 
and V. volvacea, DMS 'low nitrogen' medium. Laccase activity in cultures of L. 
edodes and P.sajor-caju were measured within 39 and 34 days of incubation, 
respectively, (a): assay were carried out periodically over a period of 24 days. 
Laccase activity of P. sajor-caju also varied according to the buffer system used in 
the assay. Laccase activity was recorded using syringaldazine as substrate when citrate-
phosphate buffer was used (Fig.3.22). However, when potassium phosphate buffer was 
adopted, no. laccase activity was detected (data not shown). It appears that potassium has 
an inhibitory effect on syringaldazine-reacting enzyme. Similar effects of buffer 
components on enzyme activity was not encountered in cultures ofZ. edodes. 
3.2.3.3 Electrophoresis patterns of lacccase 
The electrophoresis patterns of the laccases produced by P. sajor-caju and L. 
edodes were determined by non-denaturing polyacrylamide electrophoresis. 
Laccase activity in cultures of P. sajor-cajit consisted of several proteins 
(Fig.3.23). In a 65m gel, two bands (green, A1 and A2) showing ABTS-oxidizing activity 
were recorded. The migration distances were measured as follows: A l , 21.5mm; A2 
32.5mm. Three bands (blue, T l , T2 and T3) showing o-tolidine-oxidizing activity were 
characterized. Migration distances of the blue bands were determined as: T l , 10.0mm; T2, 
20.0mm; T3, 28.0mm. Two bands (red, SI and S2) representing syringaldazine-oxidizing 
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activity were observed; migration distances for SI and S2 were measured as 8.5mm and 
24.5mm, respectively. Bands A l and T2 exhibited some degree of overlap after 
visualization. However, bands A2, Tl , T3, SI and S2 were different. ” 
In the case of L. edodes, laccase also consisted of multiple protein components 
(Fig.3.24). In a 65mm length gel, two bands (green colour, A l and A2) with ABTS-
oxidizing activity were observed. Migration distances for A l and A2 were determined as 
16.0mm and 24.0mm, respectively. Three bands (blue, Tl , T2 and T3) showing o-tolidine-
oxidizing activity were detected. The migration distance of each band was measured as 
follows: Tl , 10.0mm; T2, 20.0mm; T3, 28.0mm. Only one band (red, SI) showing 
syringaldazine-oxidizing activity was observed. The migration distance was recorded as 
22.0mm. 
From the protein banding patterns showing in Fig.3.24, bands A2, T2 and SI 
exhibited some degree of overlap after visualization. However, bands Al , T l and T3 were 
different. • 
100 I / \ ‘ ^ ~ Tolidine 
/ \ / Y\ — • — Syringaldazine 
0 \ • • i 1 1 1 1 ° • 
2.6 3 3.4 3.8 4.2 4.6 5 5.4 5.8 6.2 6.6 7 
pH 
Fig.3.21 Effect of pH on laccase activity using different enzyme substrates. 
Values presented were recorded with the culture supernatant of L edodes grown on LE 
medium after 39 days. 
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Fig.3.22 Effect of pH on laccase activity using different enzyme substrates. 
Values presented were recorded with the culture supernatant of P. sajor-caju grown on 
DMS 'low nitrogen' medium after 34 days. 
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Fig.3.23 Non-denaturing electrophoresis pattern of laccases produced by 
P,sajor-caju. The length of gel was of 65mm. Colour and migration distances of each 
band were measured as follows: A1 (green, 21.5mm), A2 (green, 32.5mm), T1 (blue, 
10.0mm), T2 (blue, 20.0mm), T3 (blue, 28.0mm), SI (red, 8.5mm), S2 (red, 24.5mm). 
The source of the laccase was culture supernatant harvested after 34 days growth of the 
fungus in DMS 'low nitrogen' medium. 
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Fig.3.24 Non-denaturing electrophoresis pattern of laccases produced by L. 
edodes. The length of gel was of 65mm. Colour and migration distances of each 
band were measured as follows: A1 (green, 16.0mm), A2 (green, 24.0mm), T1 (blue, 
10.0mm), T2 (blue, 20.0mm), T3 (blue, 28.0mm), SI (red, 22.0mm). The source of the 
laccase was culture supernatant harvested after 39 days growth of the fungus in DMS 
'low nitrogen' medium. 
3.4 Lignin-Transforming Enzymes 
-I 
3.4.1 Lignin peroxidase (LP) 
The activities of two other recognized lignin-modifying extracellular oxido-
reductases were examined in this study, namely lignin peroxidase (LiP) (Tien & Kiek， 
1983; Glenn et al. 1983) and manganese-dependent peroxidase (MnP) (Glenn & Gold, 
1985). 
No LiP was detectable in cultures of L edodes grown under various cultivation 
conditions. Moreover, although several growth conditions were adopted, no LiP activity 
was detected in V. volvacea, strain V34, throughout this investigation (Table 3.5). 
An HzOz-dependent veratryl alcohol oxidizing enzyme was present in culture 
supematants of R sajor-caju after 32 days growth in stationary culture under conditions 
73 
of'high' nutrient nitrogen (Table 3.5). No activity was detected in fungal cultures prior to 
this incubation period. • 
Table 3.5 Lignin peroxidase activity in submerged cultures of L. edodes (L54), P, 
sajor-caju (P27) and V. volvacea (V34): 
Fungus Low nitrogen (2.4mM) High nitrogen (24mM) 
L edodes 0 0 
P. sajor-caju 0 0.15a 
V. volvacea 0 0 
Values represent the mean of three replicate cultures and expressed as units/ml. 
Assay were performed at periodic intervals over 56 days (L. edodes) and 24 days 
{V. volvacea), respectively, (a) measured after 32 days incubation. 
3.4.2 Manganese-dependent peroxidase (MnP) 
Manganese-dependent activity was not recorded in the cultures of V. volvacea 
(V34) grown on DMS-2 medium over an period of 24 days. Activity of Mn-P was 
detected in L edodes and R sajor-caju cultures (Table 3.6). However, enzyme production 
varied with culture conditions and levels were markedly affected by the nitrogen level in 
the medium. The results of time-course experiments to determine manganese-dependent 
peroxidase production in L edodes and P. sajor-caju cultures are shown in Figs. 3.24 
and 3.25. 
As can be seen, MnP levels were greatly repressed by high nitrogen 
concentrations. This effect was especially apparent with L edodes where high nutrient 
nitrogen almost completely suppressed MnP activity. MnP levels in low-nitrogen cultures 
of P.sajor-caju were 2-3-fold higher than under high nitrogen conditions. 
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Table 3.6 Production of MnP ofL. edodes, P. sajor-caju and V. volvacea (V34) grown 
in submerged culture on DMS-2 medium: 
» 
Fungus Low nitrogen (2.4mM) High nitrogen (24mM) 
L edodes + + 
P. sajor-caju + + 
V. volvacea - 二 
丨丨+“ and 丨丨-丨丨 represent the presence and absence of manganese-dependent 
peroxidase activity in culture supematants. 
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Fig.3.25 Production ofMn-P by L, edodes grown on 'low nitrogen' (2.4mM, 
-0-) or 'high nitrogen' (24mM, - • - ) DMS-2 medium in submerged culture. Values shown 
represent the mean of three replicate cultures. Error bars are the standard deviations. 
When not shown, the error bars fall within the symbols. 
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Fig. 3.26 Poduction of Mn-P by P. sajor-caju grown on 'low nitrogen' 
(2.4mM, -0-) and 'highnitrogen'(24mM, - • - ) DMS-2 medium in submerged state. Values 
shown represent the mean of three replicate cultures. Error bars are the standard 
deviations.When not shown, the error bars fall within the symbols. 
Production of Mn-P in static cultures ofL. edodes grown on 'low nitrogen, DMS-2 
medium exhibited an increasing pattern over a period of eight weeks incubation. However, 
if additional nitrogen (24mM) was added to such cultures after 6 weeks incubation, 





25 I ‘ ^ ‘ ‘ ‘ 
20 - y -
I / 
e 15 - / “ 
1 / 
0> I _ 
£ 10 一 Nitrogen addition / 一 
昏 、、、、 1 
⑴ . T A 
e — — — — ‘ ‘ ^ J 
0 2 4 6 8 10 
Incubation time (week) 
Fig. 3.28 Production of Mn-P b y L. edodes grown i n static culture on 'low 
nitrogen' (2.4mM) DMS-2 medium, -•-represent the Mn-P production in low nitrogen 
cultures supplemented with additional nitrogen corresponding to 24mM after 6 weeks 
incubation. Values shown represent the mean of three replicate cultures. Error bars are t h e 
standard deviations. When not shown, the error bars fall within the symbols. 
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inoculation) (Fig.3.28). Thus, the effect of nutrient nitrogen levels on the production of 
Mn-P by L. edodes was confirmed. ‘ 
In cultures of L. edodes, the fungal mat developed a dark brown deposit on the 
surface during the early stages of growth (three weeks of incubation) when the organism 
was grown on low nitrogen medium. Deposit formation was not observed in high 
nitrogen cultures. Fungal mats of L edodes formed on both low and high levels of 
nitrogen are shown in Fig.3.29. This phenomenon was not observed in cultures of 
P.sajor-caju. 
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Fig.3.29 Growth characteristics of L edodes in 'high nitrogen' (flask on 
right) or 'low nitrogen' (flask on left) DMS-2 medium in stationary culture. Arrows 




3.5.1. Cellulases of K volvacea 
3.5.1.1 Qualitative estimation of cellulose-degrading enzymes of V,volvacea grown on 
different substrates 
Production of CMCase was detected by the formation of a clear zone on CMC 
agar plate following application of culture supematants of three strains of V. volvacea 
grown in submerged culture (Table 3.7). No clear zones were evident when mycelial 
extracts were applied to the CMC agar plate. CMCase activity of V34 and V45-2 was 
detectable only when Tween 80 was included in the culture medium. These results indicate 
that the CMCase activity is extracellular, and that production of the enzyme is enhanced in 
the presence of Tween 80. 
Table 3.7. Qualitative production of CMCase by strains of K volvacea-. 
Enzym Without With Tween 80 . 
source Tween 80 
CS-V14 16.0 0.7 15.9 0.5 
CS-V34 0 11.8 0.5 
CS-V45-2 0 12.1 0.5 
EH-VI4 0 0 
EH-V34 0 0 
EH-V34 0 0 
Values represent the diameter (mm) of the clear zone formed following application 
of the sample of to CMC agar. CS and EH are culture supernatant and mycelial 
extract, respectively of the fungi after 7 days growth in DMS-1 'high nitrogen' 
medium using avicel as carbon source. 
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3.5.1.2 Influence of pH and temperature _ • • 
The effect of pH on endoglucanase, exoglucanase and P-glucosidase activities was 
measured under standard conditions in 50mM Na-citrate and K-phosphate buffers 
spanning a pH range from 4.2 to 8.2. Endoglucanase displayed a relatively broad pH 
optimum between 5.8 and 7.4，with the maximum velocity recorded at pH 6.2. No activity 
was recorded at or below pH 4.6 (Fig.3.30). Maximum velocities of exoglucanase and P-
glucosidase were recorded at pH 6.6 and pH 6.2, respectively (Figs.3.31 and 3.32). 
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Fig.3.30 Effect of pH on CMCase activity of V. volvacea, strain V34, 
grown in agitated state using DMS-1 medium containing cellulose as growth substrate 
for 4 days. Values represent enzyme activity obtained in Na^HPOydtrate (50mM) buffer. 
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Fig.3.31 Effect of pH on avicelase activity of V. volvacea, strain V34, 
grown in agitated state using DMS-1 medium containing cellulose as growth substrate for 
4 days. Values represent enzyme activity obtained in SOmM Na2HP04 / citrate (-A-) or 
SOmM KOH-KH2PO4 (- • - ) 
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Fig.3.32 Effect of pH on P-glucosidase activity of V. volvacea, strain V34, 
grown in agitated state using DMS-1 medium containing cellulose as growth substrate for 
4 days. Values represent enzyme activity obtained in SOmM Na2HP0y citrate ( - • - ) or 
SOmM KOH-KH3PO4 (- • - ) . 
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•» 
The velocities of the cellulolytic activities were determined at temperatures ranging 
from 25 to SQOC under standard assay conditions. The optimum temperatures 'for 
endoglucanase, exoglucanase and P-glucosidase were 60°C, 50°C and 45°C, respectively. 
Rapid denaturation of endoglucanase and exoglucanase occurred at temperatures in excess 
of70°C and 50。C，respectively (Fig.3.33). 
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Fig. 3.33 Effect of temperature on extracellular endoglucanase (-•-)， 
exoglucanase (-•-) and p-glucosidase (-0-) of V. volvacea. 
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3.5.1.3 Cellulolytic activities in cultures grown on cellulose 
In shaken cultures containing DMS medium supplemented with '1% 
crystalline cellulose (avicel) as carbon source, both strains of V. volvacea grew as a single 
» 
large mycelial pellet (Fig.3.34). Although the medium was clear of cellulose particles 
within 2 days, most of the cellulose remained unchanged and enclosed within the mycelial 
pellet. Exoglucanase, endoglucanase and P-glucosidase activity was detectable in culture 
supematants after 4 days incubation although the levels of exo- and endoglucanase 
produced by V. volvacea, strain V34 were appreciably lower compared to strain V14 
(Figs.3.35 and 3.36). 
Growth and enzyme production patterns were markedly affected by addition of 
0.2%(v/v) Tween 80 to the growth medium. Under these conditions, the fungi grew as 
numerous discrete pellets (Fig.3.34) and the enzyme levels were significantly higher (Figs 
3.37 and 38). This effect on enzyme production was much more pronounced with strain 
V34 where,' at peak production times, endoglucanase, exoglucanase and P-glucosidase 
levels were approximately 16-, 5- and 4-fold higher, respectively (Figs.3.37 and 3.38). In 
the case of exoglucanase and P-glucosidase, this increase in enzyme production was 
largely reflected in parallel increases in extracellular protein levels. However, the specific 
activity of CMCase also increased when the fungus was grown in the presence of Tween 
80 (Figs 3.39). 
High levels of P-glucosidase were also detected in mycelial extracts of both V. 
volvacea strains grown on Avicel. Intracellular enzyme levels recorded over the first 6-8 
days of fungal growth were approximately 2-3-fold higher (based on specific activity) 
compared to extracellular p-glucosidase although, in the older cultures (10 days), no 
significant differences between intra- and extracellular enzyme levels were evident. 
Addition of Tween 80 to the culture medium caused a drop in the intracellular levels of P-




Fig.3.34 V. volvacea, strain V34, grown on cellulose in agitated submerged 
culture. The flask on the left shows the less heterogenous growth obtained in medium 
supplemented with 0.2% (v/v) Tween 80. 
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Fig.3.35 Production of extracellular protein (-0-), endoglucanase (-•-) , 
exoglucanase (-A-) and P-glucosidase (-V-) by V, volvacea (V34) grown on crystalline 
cellulose as substrate in submerged agitated culture. Values represent the mean of three 
replicate cultures. Error bars are the standard deviations. When not shown, the standard 
deviation error bars fall within the symbols. 
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Fig. 3.36 Production of extracellular protein (-0-), endoglucanase (-•-) , 
exoglucanase (-A-) and P-glucosidase (-•- ) by V. volvacea (VI4) grown on crystalline 
cellulose as substrate in submerged agitated culture. Values represent the mean of three 
replicate cultures. Error bars are the standard deviations. When not shown, the standard 
deviation error bars fall within the symbols. 
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Fig. 3.37 Production of extracellular protein (-0-), endoglucanase (-•-) , 
exoglucanase (-A-) and P-glucosidase (-V-) by V. volvacea (V34) grown on crystalline 
cellulose as substrate in presence of Tween 80 (0.2%, v/v) and in submerged agitated 
culture. Values represent the mean of three replicate cultures. Error bars are the standard 
deviations. When not shown, the standard deviation error bars fall within the symbols. 
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Fig. 3.38 Production of extracellular protein (-0-)，endoglucanase (-•-)， 
exoglucanase (-A-) and P-glucosidase ( - • - ) by Y. volvacea (V14) grown on crystalline 
cellulose as substrate in presence of Tween 80 (0.2%, v/v) and in submerged agitated 
culture. Values represent the mean of three replicate cultures. Error bars are the standard 
deviations. When not shown, the standard deviation error bars fall within the symbols. 
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Fig.3.39 CMCase specific activity of V. volvacea, strains V14 and V34, 
grown on DMS-1 medium using avicel as growth substrate with ( - • - ) and without (-0-) 
addition of 0.2% (v/v) Tween 80. Values shown represent the mean of three replicate 
cultures. Error bars are the standard deviations. When not shown, the standard deviation 
error bars fall within the symbols. 
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Fig.3.40 Specific activities of extracellular (E) and intracellular (I) P-
glucosidases in culture supematants and mycelial extracts of V. volvacea strains V14 and 
V34, grown on DMS-1 medium using avicel as growth substrate with and without 
addition of 0.2% (v/v) Tween 80. Values represent the mean of three replicate cultures. 
Error bars are the standard deviations. When not shown, the standard deviation error bars 
fall within the symbols. 0-0-, E; • ’ E + Tween 80; A-A, I; • - • , I + Tween 80. 
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3.5.1.4 Cellulolytic activities in cultures grown on paddy straw 
Exoglucanase, endoglucanase and P-glucosidase production was also observed in 
agitated submerged cultures of V. volvacea, strain V34, in which the natural substrate, 
paddy straw, replaced cellulose as the growth substrate. Under these conditions, all three 
enzyme activities were detectable after only 2 days incubation and levels remained 
constant over a 10-day experimental period (Fig.3.41). Exoglucanase and P-glucosidase 
titers were approximately 50% lower and 50% higher, respectively, compared to cultures 
containing crystalline cellulose as growth substrate, whereas the amounts of 
endoglucanase produced were broadly similar in both cases. However, total extracellular 
protein levels were about three times higher when paddy straw served as the growth 
substrate. 
In paddy straw cultures supplemented with Tween 80, enzyme activities were 
again detectable after 2 days (Fig.3.42). Under these conditions, P-glucosidase levels were 
about 2-fold higher compared to Tween-supplemented cellulose cultures. Peak production 
of endoglucanase, measured after 4 days, was almost double that observed in cellulose 
cultures before falling to similar levels. Total extracellular protein levels were comparable 
in both sets of Tween-supplemented cultures. 
3.5.1.5 P-Glucosidase activity in cultures grown on cellobiose 
P-Glucosidase activity in extracts of V. volvacea mycelium grown under static 
conditions with cellobiose as the sole carbon source is shown in Fig.3.43. Enzyme activity 
was only detectable in mycelial extracts. High enzyme activity was detected after 4 days 
incubation, and gradually decreased to almost zero on Day 10. I f cultures were 
supplemented with additional cellobiose on Day 10，the levels of P-glucosidase activity in 
mycelial extracts again increased. 
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Fig.3.41 Production of extracellular protein (-0-), endoglucanase (-
•-)， exoglucanase (-A-) and p-glucosidase (-•- ) by V. volvacea (V34) grown in 
submerged agitated culture using paddy straw as substrate. Values represent the mean of 
three replicate cultures. Error bars are the standard deviations. When not shown, the 
standard deviation error bars fall within the symbols. 
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Fig.3.42 Production of extracellular protein (-0-), endoglucanase (-•-)， 
exoglucanase (-A-) and p-glucosidase ( - • - ) by V. volvacea (V34) grown on paddy straw 
as substrate in presence of Tween 80 (0.2%, v/v) and in submerged agitated culture. 
Values represent the mean of three replicate cultures. Error bars are the standard 
deviations. When not shown, the standard deviation error bars fall within the symbols. 
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Fig.3.43 Intracellular P-glucosidase activity in extracts of V. volvacea (V34) 
mycelium grown in static culture, (a): unsupplemented culture; (b) culture supplemented 
with additional cellobiose after 10 days growth. Values represent the mean of three 
replicate cultures. Error bars are the standard deviations. When not shown, the standard 
deviation error bars fall within the symbols. 
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3.5.1.6 Effect oflignin-related phenolic monomers and tannic acid on CMCase of K 
volvacea 
0 
As can be seen in Table 3.8，effects of lignin-related phenolic monomers and 
tannic acid on CMCase activity of V. vovacea, strain V34, varied with different phenolic 
compounds. Benzoic acid derivatives slightly inhibited CMCase activity, only 1-10% 
activity was suppressed at the concentration 5mM. At the same concentration, cinnamic 
acid and benzaldehyde derivatives reppressed 16-39% activity of the enzyme. Tannic acid 
exhibited a more inhibitory effect on CMCase activity, at concentration of 0.15% (w/v), 
42% activity of the enzyme was inhibited. 
Table 3.8 Effect oflignin-related phenolic monomers and tannic acid on CMCase activity 
of V. volvacea (V34): 
Activity (lU/mg) Relative activity (%) 
Without phenolics 0.69 土 0.02 ^ 100 
/^-Hydroxybenzoic acid 0.63 士 0.07 91 
Vanillic acid 0.62 土 0.07 90 
Syringic acid 0.68 士 0.08 99 
/7-Hydroxycinnamic acid 0.42 士 0.06 61 
Caffeic acid 0.52 土 0.11 75 
Ferulic acid 0.52 土 0.04 75 
/^-Hydroxybenzaldehyde 0.50 土 0.10 72 
Vanillin 0.58 士 0.06 84 
Tannic acid 0.40 土 0.15 ^ . 
Values represent the mean of three replicate assays. Enzyme examined was the 
culture supernatant after 7 days growth in DMS-2 'high nitrogen' medium using 
avicel as carbon source in the presence of 0.2% (v/v) Tween 80. Monomeric 
phenols and Tannic acid were added to reaction mixtures to final concentrations 
of 5mM and 0.15% (w/v), respectively. 
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3.5.2 Celkilases of P.sajor-caju 
Numerous attempts were made to detect cellulolytic activity in cultures of P. 
sajor-caju using various growth conditions. However, no exoglucanase, endoglucanase, 
intracellular and extracellular P-glucosidase activity was detected throughout this 
investigation when the fungus was grown in culture media containing either crystalline 
cellulose, or a mixture of sawdust {Castanopsis fossa) and wheat bran were used as 
growth substrates. The fungus grew only very poorly in cultures supplemented with 
crystalline cellulose. 
3.5.3 Cellulases of L, edodes 
L. edodes grew very poorly in agitated submerged culture on crystalline cellulose 
(Avicel). This poor growth is reflected by the absence of detectable cellulolytic activity 
(endoglucanase, exoglucanase and P-glucosidase) in culture supematants. Moreover, no 
extracellular cellulolytic enzyme activity was detectable when this fungus was grown in a 
medium containing sawdust (Castanopsis fossa) and wheat bran. 
3.6 Xylanase 
3.6.1 Xylanase of K volvacea, strain V34 
V, volvacea grew very poorly in shake cultures on extracted oat-spelt or 
birchwood xylan and no xylanase was detectable in the growth medium. However, when 
xylan was replaced by paddy straw, V. volvacea produced appreciable levels of 
extracellular xylanase and measurable amounts of extracellular P-xylosidase (Figs.3.44 and 
3.45). Xylanase activity was detectable after 2 days incubation and peaked after 96hrs 
(Fig. 3.44). Extracellular P-xylosidase was also detected in 48 hr cultures and levels 
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remained constant over the 10 day experimental period (Fig.3.45). Extracts of fungal 
mycelium grown on paddy straw also contained very high litres of intracellular p-
xylosidase (Fig.3.46). 
Supplementation of culture medium with 0.2% Tween 80 had relatively little effect 
on extracellular p-xylosidase levels. However, higher levels of xylanase were recorded in 
Tween-supplemented cultures although the enhancement effect was not as large as seen 
with enzymes of the cellulolytic complex (Figs. 3.3 5 and 3.37). 
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Fig.3.44 Xylanase production in shake cultures of V. volvacea (V34) grown 
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Fig.3.45 Extracellular p-xylosidase production in shake cultures of V. 
volvacea (V34) grown on paddy straw with and without Tween 80 supplementation. 0 -0 : 
No T w e e n ; 參 - w i t h Tween. 
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Fig.3.46 Intracellular P-xylosidase production in shake cultures of V. 
volvacea (V34) grown on paddy straw with and without Tween 80 supplementation. 0-0: 
No Tween; • - • : with Tween. 
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3.6.2 Xylanase of Rsajor-caju 
p, sajor-caju grew very well in agitated submerged culture with birchwood xylan 
or a mixture of sawdust and wheat bran as carbon source. This mushroom also produced 
measurable levels of xylanase (Figs.3.47 and 3.48). Extracts of fungal mycelia grown 
under both sets of culture conditions also contained high levels of p-xylosidase but no 
extracellular activity was detected. 
3.6.3 Xylanase of L, edodes 
Birchwood xylan is also a growth substrate for L. edodes and the fungus produced 
low but detectable levels of xylanase activity (Table 3.9). No P-xylosidase was present in 
culture supematants but was readily detectable in mycelial extracts. A similar pattern of 
enzyme production emerged when the mushroom was grown in semi-solid culture on a 
mixture of sawdust and wheat bran (Table 3.9). 
Table 3.9 Xylanase production in cultures of L edodes grown on birchwood xylan or 
sawdust-wheat bran as carbon source: 
Growth substrate Incubation time Protein Xylanase production 
(weeks) (Hg/ml) ( 1 0舊m l ) 
Xylan 2 12.1 土 0.5 19.5 土 0.8 
4 35.6土 0.4 3.0 土 0.4 
Sawdust-wheat bran 2 125.6土0.7 14.2±2.3 
4 219.8±2.3 4.0 士 1.4 
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Fig.3.47 Extracellular protein levels in shake cultures of P.sajor-caju using 
DMS-1 medium containing either xylan or sawdust supplemented with wheat bran as 
growth substrate. 0-0: Xylan; • - • : Sawdust-wheat bran. 
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Fig.3.47 Xylanase production in shake cultures of P.sajor-caju using DMS-
1 medium containing either xylan or sawdust supplemented with wheat bran as growth 
substrate. Xylan; • - • : Sawdust-wheat bran. 
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3.7 Lipase of K volvacea 
The ability of V. volvacea to produce lipase was shown in Table 3.10. Activity of 
lipase was detected when Tween 80 was present in the culture. Except for that when 
carboxymethyl cellulose served as growth substrate V. volvacea，strain V34, produced 
lipase either the sorbitant was added or not, lipase production of the mushroom was 
enhanced by Tween 80 addition. Among the carbohydrates tested, maximum lipase 
production by V. volvacea was detected when glycerol was used as growth substrate in 
the presence of Tween 80 addition. 
Table 3.10 Lipase production by V. volvacea (V34): 
Growth substrate Lipase (unit/ml) 
Glucose (control) 0 
Glucose + Tween 80 35 
Glycerol 0 
Glycerol + Tween 80 198 
CMC 46 
CMC + Tween 80 85 
Cellobiose 0 
Cellobiose + Tween 80 J} 
Values represent the mean of three replicate assays.Culture supematants of V. 
volvacea, strain V34, after 6 days incubation in DMS-2 'high nitrogen' medium 
using avicel as carbon source in the presence of 1.0% (v/v) Tween 80 were used as 
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4.1. Carbon nutrition and pH for fungal growth 
4.1.1 Carbon nutrition 
Determination of the growth rates of V. volvacea, strain V34, P. sajor-caju, strain 
P27 and L, edodes，strain L54 on media containing several reducing sugars or short chain 
polysaccharides as the sole source of carbon, revealed that both lactose and xylose were 
poor substrates for fungal growth. Among the carbohydrates tested, glucose and mannose 
were the best substrates for the growth of these three mushrooms. P. sajor-caju exhibited 
a higher capacity to utilize all the carbohydrates studied when compared to L. edodes and 
V. volvacea. 
The ability of the three fungal species to grow well on glucose is to be expected 
since this hexose is the ultimate monomeric product produced from cellulose. In view of 
all the fungi to produce xylanolytic enzymes, the poor growth on xylose is noteworthy, 
especially for K volvacea which produces significant levels of extracellular P-xylosidase. 
However, higher levels of this enzyme were invariably formed in mycelial extracts 
suggesting that products of xylan hydrolysis may enter the cell as soluble xylo-oligomers. 
The inability to grow on xylose therefore may reflect inefficient uptake system for the 
pentose sugars. 
4.1.2 pH 
The initial pH for maximal growth varied with the species. The shiitake mushroom 
L edodes grew well under an acidic conditions (pH 4 to 5). The situation was reversed 
with the straw mushroom and good growth of V. volvacea was recorded only in alkaline 
media (pH 8.0). In the case of P, sajor-caju, the pH requirement for growth was less 
restricted and good growth of the fungus was observed over the range of pH 5-8. 
Although the extracellular pH was reported not to influence the cytoplasmic pH, it will 
clearly affect the hyphal surface and the degree of dissociation of nutrients (GrifFin, 1981). 
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4.2 Effect of lignin-related phenolic monomers and tannin derivatives on fungal 
growth of jL edodes�P. sajor-caju and V. volvacea 
4.2.1 Lignin-related phenolic monomers: 
Fungal attack on lignin components of lignocellulose releases phenolic monomers 
(Chen and Chang, 1985) which inhibit fungal growth and microbial enzymes implicated in 
the utilization of polysaccharidess-enriched residues (Akin and Rigsby 1985; Bomeman et 
al. 1986; Martin and Akin 1988). This reported toxicity to the microorganism restricts the 
adaptation of the fungus to its growth substrate. 
When the effects of different concentrations of various phenolic monomers on the 
growth of Lentinus edodes, Pleurotus sajor-caju and Volvariella volvacea were 
determined, the most evident features of the data is the generaly higher tolerance to 
phenolics exhibited by P, sajor-caju compared to the other mushrooms. Of the benzoic 
acid derivatives tested, only syringic acid at concentrations above 1 mM was inhibitory; 2-
lOmM concentrations suppressed mycelial growth by 8-25%. Supplementation of the 
culture medium with 1-lOmM concentrations of vanillic, /7-coumaric or caffeic acids, 1-
5mM ferulic acid or ImM syringate, actually resulted in a marked stimulation of fungal 
growth. Increased growth was also observed in the presence of 4-hydroxybenzaldehyde 
(ImM) and vanillin (l-2mM) although 5 mM concentrations of the aldehydes were highly 
toxic. 
At concentrations above 2mM, inhibition of L. edodes by substituted benzoic acid 
compounds increased directly with the degree of substitution. Thus, 5-lOniM 4-
hydroxybenzoate, vanillate and syringate suppressed mycelial growth by 16-24%, 35-42% 
and 68%, respectively. In some cases, the levels of inhibition observed varied 
quantitatively with those reported for tha same strain by Shea & Buswell (1992), and the 
effect of substitution was not evident in the earlier study. However, since different 
cultivation conditions were adopted, (which, in turn, may influence other factors affecting, 
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for example, degradation and/or detoxification of the phenlics), it is difficult to make 
direct comparisons. At l-SmM concentrations, additional substitution in the C-3 position 
of the aromatic ring of /7-coumaric acid with hydroxyl and methoxyl groups progressively 
reduced the extent to which mycelial growth was suppressed. Thus, the degree of 
inhibition observed with /7-coumaric and caffeic acids ranged from 39-43% and 3-7%, 
respectively, whereas, under the conditions used in this study, l-2mM (and to a lesser 
extent 5inM) concentrations of ferulic acid enhanced mushroom growth. However, at 
2mM concentrations and above, 4-hydroxybenzaldehyde and vanillin were considerably 
more toxic than the corresponding acid derivatives. Substitutution of the carboxyl group 
in /?-hydroxybenzoic, vanillic and syringic acids with an aldehydic group also resulted in 
greatly increased suppression of the growth of eight other white-rot fungi (Buswell & 
Eriksson, unpublished results). 
A high sensitivity to ligni-related phenolic monomers might be one factor 
accounting - for the poor growth of V. volvacea on lignified substrates and this 
investigation does reveal qualitative and quantitative differences in the inhibition patterns 
of the three mushroom species. Compared to P. sajor-caju, the straw mushroom is 
considerably more sensitive to all the phenolics tested except syringic acid. In comparisons 
with Ledodes, inhibition of Volvariella was also higher in the presence of l-lOmM 
cocentrations of 4-hydroxybenzoate and ferulate. Mycelial growth was suppressed by 
between 20-55% and 8-77%, respectively, for V. volvacea compared to 0-24% and 0-
34%, respectively, for L, edodes. Conversly, the shiitake mushroom was generally more 
sensitive to 1-lOmM vanillate, syringate and cafFeate where the extent of growth inhibition 
ranged between 30-42%, 2-68% and 3-67%, respectively, for L edodes compared to 0-
19%, 3-8% and 0-27%, respectively, for K volvacea. However, lower concentrations (1-
2mM) of 4-hydroxybenzaldehyde and vanillin were markedly more toxic to the growth of 
the straw mushroom. 
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4.2.2 Tannin derivatives: 
Next to lignin-related phenolic comounds, tannins are the second most abundant 
group of plant phenolics, and are distributed mainly in barks, galls or leaves of woody 
plants. Tannin compounds are inhibitory or even toxic to most microorganisms, and 
generally retard the rates of decomposition of plant matter. Growth of Fusarium, 
Verticillium and Alternaria was reported as inhibited by tannins. The numerous phenolic 
hydroxyl groups of tannins permit the formation of stable cross-links with protein and, as a 
result, biodegradative enzymes of the attacking organism may be inhibited. Other fungi, 
such as Aspergillus and Penicillium, which produce tannase, have been found to degrade 
tannins (Deschamps, 1989). General speaking, fungal attack on hydrolysable tannin 
releases tannic acid or gallic acid, or ellagic acid. Sugars released during such degradation 
can be used as sources or energy by certain fungi. For example, Aspergillus niger can split 
the galloyl-glucose linkage and release tannic acid which can be fUrtherly degraded 
(Haslam 1989). It is still unknown if fungi can utilize tannic, gallic or ellagic acid for 
growth. Since tannin derivatives exist widely in plant residues (e.g. lignocellulosic 
materials), it is important to know if tannin derivatives affect the growth of mushroom 
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species. Therefore the effect of tannin derivatives on the growth of L, edodes, P. sajor-
caju and K volvacea was determined. 
The condensed tannin, catechin, enhances mycelial growth of L edodes over the 
concentration ranged 0.01-0.15%, and was only marginally inhibitory to P. sajor-caju and 
K volvacea. Incorporation of gallic and tannic acids into the growth medium, at 
concentrations up to 0.02 and 0.05% respectively, also stimulated mycelial growht ofZ. 
edodes by between 31 and 42%. However, higher levels of both compounds were totally 
inhibitory. Higher concentrations (0.10-0.15%) of gallic acid also completely suppressed 
the growth of P. sajor-caju but this tannin derivative was considerably less toxic to K 
volvacea. Conversly, the straw mushroom was much less tolerant to tannic acid than P, 
sajor-caju. Growth of V, volvacea was reduced by 80% in the presence of 0.05% tannic 
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acid compared to unsupplemented controls, and levels in excess of this concentration were 
highly toxic to the fungus. However, the growth of P, sajor-caju was only marginally 
affected by this compound even at a concentration of 0.15%. 
This study shows that V. volvacea exhibits different sensitivity profiles to lignin-
related phenols and tannin derivatives as compared to P. sajor-caju and L. edodes. 
However, the observed differences are not explicit enough to conclude that the 
distribution of these compounds in lignocellulosic wastes alone is responsible for the 
marked variatons in the ability if the three mushroom species to grow and fruit on a 
particular lignocellulosic substrate. Other factors accounting for the differing abilities of 
the mushrooms to grow well on lignin and tannin-rich substrates may be linked to the 
ability of some mushroom species to produce ligninolytic and other enzymes which 
degrade and/or detoxify inhibitory substrates. P. sajor-caju and L. edodes both produce 
phenoloxidases and other extracellular enzymes that have been linked to lignin degradtion 
(Bourbonais & Paice 1988; Leatham 1985; Forrester et al 1988); Daniel et al 1990). 
4.3 Production of phenoloxidases by V. vohacea，L. edodes and P. sajor-caju ‘ 
4.3.1 Guaiacol- and Anisidine reacting enzymes and Tyrosinase 
Both L.edodes and R sajor-caju developed a dark brown coloured zone around 
the fungal colony when grown on media containing a phenolic compound. Whereas, for 
V34, no coloured zone was observed. In this case, growth of the fungus was inhibited. 
These results demonstrated that both L. edodes and P. sajor-caju are producers of 
phenol oxidases, while V. volvacea is phenoloxidase negative. 
In culture supematants of L edodes, activity of L-DOPA oxidizing enzyme, 
tyrosinase, was detected only when the fungus was grown on high nitrogen medium 
(24mM). This enzyme activity was not detected in cultures of P, sajor-caju and V. 
volvacea. Tyrosinase is believed to be involved in lignin biodegradtion by catalyzing the 
monohydroxylation of phenols to yield o-diphenols or o-quinones (Ander & Eriksson^ 
1978). Although the activity of tyrosinase in L edodes was detected under conditions of 
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high nitrogen, it is not clear if the ability of this fungus to degrade lignin is regulated by 
nitrogen as for other white-rot fungi (Kirk et al 1978). , 
4.3.2 Laccase 
In some basidiomycetes, polyphenol oxidases of the laccase type, o-diphenol 
oxidases, were reported to be involved in polyphenol oxidation during fungal 
delignification by coupling to the oxidoreduction of cellobiose dehydrogenase and 
polymerising lignin degradation products (Ander & Eriksson 1978; Leatham and 
Stahmann 1981; Kirk and Chang 1990). Production of laccases in submerged cultures of 
both L. edodes and P. sajor-caju have been investigated and the data obtained corfirm the 
results of other authors (Leatham and Stahmann, 1981; Leatham, 1985; Bourbonnais and 
Paice, 1988). Laccase-type enzymes were absent in cultures of V,volvacea. In both L, 
edodes and P.sajor-caju, laccase activity consisted of several protein species, each 
exhibited different specificities for substrates commonly used to detect laccase activity. 
These characterisctics might account for the low specificity of fungal laccases (Leonowicz 
and Grzywnowicz, 1981; Kirk and Chang, 1990) and the different requirements of pH for 
maximal activity when different substrates were used. 
In aggreement with the conclusion drawn by Ander and Eriksson (1976, 1978), 
fungal phenol oxidase may play a role in detoxifying low moleculare weight phenols 
released during fungal attack on the lignin component of the growth substrate. Results 
obtained here suggest that both L edodes and P. sajor-caju produce phenol oxidase and 
lacccase to overcome the toxic effects of phenolic compounds. V. volvacea is unable to 
synthesize phenol oxidase and laccase and, as a result, this mushroom cannot overcome 
the inhibitory effects of penolic compounds. This, in turn, might account for the increased 
sensibilitiy to phenolic compounds. 
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4.4. Lignin-degrading Enzymes of V, volvacea, P. sajor-caju and L. edodes 
Lentinus edodes, Pleurotus sajor-caju and Volvariella volvacea, exhibit quite 
different growth responses to different lignocellulosic wastes. L. edodes grows well on 
woody substrates and is traditionally cultivated on logs ofFagaceae species although this 
procedure has, to a considerable extent, been replaced by the "bag" system using 
supplemented sawdust media. The natural substrate for V. volvacea is paddy straw which 
has a relatively low lignin content (Dale, 1987). The preference of this mushroom for 
Mess-lignified' substrates is exemplified by the increased production yields obtained when 
V. volvacea is cultivated on cotton wastes. P. sajor-caju is the most adaptable of the three 
species and can be grown on a wide variety of agricultural waste materials of differing 
composition in terms of polysaccharide/lignin ratio. 
Two enzymes are reported to play key roles in the fungal degradation of lignin, 
namely lignin peroxidase (LiP) (Tien & Kirk, 1983; Glenn et al 1983), and manganese-
dependent peroxidase (MnP) (Glenn & Gold, 1985). Both enzymes were originally 
isolated from cultures of the white-rot fungus Phamrochaete chrysosporium, but Rave 
since been reported in several other wood-rotting fungi including Phlehia radiata and 
Coriolus versicolor. 
In the presence of H2O2, lignin peroxidase is able to oxidize both phenolic and 
non-phenolic lignin-related compounds (Tien & Kirk, 1984). LiP catalyzes (i) oxidation of 
benzyl alcohols, (ii) C^x-Cpcleavage of propyl side chains in lignin substructures, (iii) 
oxidation of Ca-hydroxyl to a carbonyl, (iv) aryl-ether cleavage, (v) demethoxylation, (vi) 
intramolecular rearrangements, and (vii) aromatic ring-fission in non-phenolic lignin-
related compounds (Buswell & Odier, 1987). The same principle accounts for all these 
events: initial formation of an aryl cation radical by LiP-catalyzed one-electron oxidation 
(Schoemaker and Leisola 1990). 
In the presence of H2O2 and Mn2+, MnP generates Mn3+ which, in turn, are 
responsible for one-electron oxidation of various monomeric phenols. MnP's from L 
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edodes (Forrester et al 1988) are also able to degrade non-phenolic dimeric lignin model 
compounds indicating that substrate specificity and the role of Mn2+ may overlap between 
different LiP and MnP species. 
Although the cellulolytic and hemicellulolytic capacity of V. volvacea is clearly 
evident, the mushroom's aversion for highly lignified substrates is undoubtably reflected in 
the apparent inability of the fungus to synthesize any of the recognized lignin-transforming 
enzymes. No phenoloxidase, lignin peroxidase or manganese peroxidase activity have been 
detected in the strains of V. volvacea used here although the fungus was grown under a 
range of culture conditions which support the production of these enzymes by other fungi. 
The cellulose and hemicellulose components of the plant cell wall are intimately associated 
with the lignin moiety which presents a barrier to the hydrolytic enzymes catalyzing the 
degradation of the polysaccharides. Since V, volvacea lacks a ligninolytic or lignin 
transforming system, this will markedly affect the extent of fungal growth by restricting 
fungal access to the polysaccharide components and markedly affect the capacity of the 
fungus to grow and fruit in lignified substrates. 
Bourbonnais and Paice (1988) reported mineralization of ring-
14c.labelled lignin 
in cultures of P. sajor-caju grown in mycological broth. Under conditions of degradation, 
two veratryl alcohol oxidase (VAO) enzymes were found in the culture medium. In this 
study, an H202-dependent veratryl alcohol oxidizing enzyme was present in culture 
supematants of P. sajor-caju after 32 days growth in stationary culture. However，it is 
not clear if this activity is representative of lignin peroxidase reported in other wood-
rotting fungi. This mushroom also produced high levels of MnP and laccase. MnP was 
detectable after only 4 days growth under both nitrogen-limiting and nitrogen-sufficient 
conditions although higher enzyme levels were recorded in low nitrogen cultures. MnP 
also appears in cultures of other wood-degrading fungi (Schoemaker & Leisola 1990). 
Prior to this research, there were no reports of lignin peroxidase or manganese-dependent 
peroxidase in Pleurotus spp. Kerem et al, (1992) were unable to detect lignin peroxidase 
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in either water extracts or liquid cultures of Pleurotus ostreatus during solid state 
fermentation of cotton stalks. Efforts to detect lignin peroxidase or lignin peroxidase 
genes in P, ostreatus under several culture conditions have been unsuccessful. Sannia et 
al. (1991) have suggested that a lignin metabolism different from that reported for other 
white-rot fungi may exist. As already reported, R ostreatus produces laccase, a copper-
containing phenol oxidase, which may play a role in lignin biodegradation by this fungus. 
L edodes has been characterized as a ligninolytic fungus; when grown on 
lignocellulosic substrates, a cumulative loss in the lignin content was recorded (Leatham, 
1985). No LiP was detectable in cultures of L. edodes grown under various cultivation 
conditions. However, in stationary culture and under conditions of nutrient nitrogen 
limitation, this mushroom produces relatively high levels of MnP. Enzyme synthesis was 
suppressed by high concentrations of nitrogen in the culture medium. Nearly zero activity 
of MnP was recorded in high nitrogen cultures. The inhibitory effect of nitrogen on 
manganese peroxidase in L. edodes appears to be on the synthesis of enzyme protein 
rather than on activity. Thus, when additional nitrogen, corresponding to 24niM, was 
incorporated in the enzyme reaction mixtures, the activity of the MnP was not affected. 
Interestingly, when additional nitrogen (24niM) was added to low nitrogen (2.4mM) 
cultures in which high levels of manganese-dependent peroxidase activity were recorded, 
production of the enzyme was subsequently repressed compared to untreated nitrogen-
limited cultures. Data obtained in L. edodes suggested that the regulation of manganese -
dependent peroxidase by level of nitrogen . These data dispute indirectly earlier reports 
that high nitrogen levels do not repressed lignin degradation by L edodes (Leatham & 
Kirk 1983). 
In low nitrogen cultures, the fungal mat developed a dark brown deposit on the 
mycelium surface in the later stages of the growth. The same phenomenon was not 
observed in high nitrogen cultures. This colour is believed to be manganese dioxide 
(Forrester et al 1988). It is not surprising that in cultures exhibiting relatively high 
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activity of manganese-dependent peroxidase, the Mn^^ generated can be oxidized further to 
MnOj, especially when lignin components are absent in such cultures. An interesting 
feature is that the appearance of the dark colour development during mushroom 
cultivation is generally considered a sign of fruitification. Moreover, high nitrogen levels 
in the growth medium are reported to delay the fructification and prolong the vegetative 
growth of this mushroom (Yang 1988). Thus, manganese-dependent peroxidase in L 
edodes might play a role in fungal morphogenesis. As no lignin peroxidase was recorded in 
the culture ofZ. edodes, lignin degradation appears to be due to the action of manganese-
dependent peroxidase. To support this conclusion, further studies are needed to monitor 
the production of both lignin peroxidase (if any) and manganese-dependent peroxidase by 
this fungus under various conditions including manganese ion supplementation. It would 
be useful to purify the manganese peroxidase of this mushroom and study the enzyme's 
proficiency to degrade lignin. 
The results obtained here support the contention that L. edodes and P. sajor-caju 
are ligninolytic fungi due to the production of either lignin peroxidase and / or manganese-
dependent peroxidase. Since V, volvacea apparently lacks lignin transforming enzymes, 
this would markedly affect the extent of fungal growth on lignified substrates by restricting 
fungal access to the polysaccharide components. 
4.5. Cellulolytic and Hemicellulolytic Activity of K volvacea, P. sajor-caju and L. 
edodes 
Rice straw is the natural substrate for growth and fruiting of K volvacea but the 
introduction of cotton waste 'composts' result in earlier fructification and in higher and 
more stable yields (Chang, 1974). Unlike chlorophyllous plants, V. volvacea and other 
mushrooms are unable to use solar energy for biosynthetic processes. Instead, they 
produce a wide range of extracellular enzymes that enable them to degrade complex 
organic substrates into soluble substances which can then be absorbed by the mushroom 
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for nutrition (Wood & Fermor, 1982). Consequently, growth and fruiting of K volvacea 
will depend largely upon the ability of the fungus to utilize the cellulose and hemicellulose 
components of rice straw as a nutritional source. This, in turn, will be determined by the 
mushroom's capacity to synthesize the hydrolytic enzymes necessary to degrade the 
polysaccharides into low molecular weight sugars which can be readily assimilated. 
The two strains of V. volvacea used in this investigation (V14 and V34) both 
grew well on crystalline cellulose and produced high levels of the major enzymes of the 
cellulase complex. The study has established a clear correlation between the capacity of 
the fungus to produce cellulases and the preference of the mushroom for growth 
substrates with high cellulose content. 
When grown on cellulose particles as the sole substrate in agitated state, the fiingal 
culture of V. volvacea was very heterogenous with formation of a large mycelium pellet. 
The heterogeneity of the culture affects physiologically and morphologically the 
development of fungal hyphae in many basidiomycetes (Trinci 1983; Panelop et al 1988). 
This heterogeneity was reduced when 0.2% of the sorbitant monooleate (Tween 80)，a 
complex of fatty acids, was added to the culture. 
During culture of many filamentous fungi, Tween 80 was shown to increase the 
production of extracellular enzymes and metabolism rate as well as the fungal growth and 
differentiation. In Coprims cinereus，the inclusion of Tween 80 in culture media resulted 
in significant increases in the production of extracellular cellulase and xylanase (Long & 
Knapp 1991). In the white rot fugus Phlebia tremellosa, the addition of this fatty acid 
complex to the culture hastened release of and increase the conversion of synthetic 
lignin (DHP) to degradation products (Reid 1991). In Acremonium strictum, Rhizopus 
delemar, Geotrichum candidum, Tween was also found to promote the production of 
lipase (Okeke & Okolo 1990; Jacobsen et al 1989). In the ligninolytic fungus 
Phanerochaete chrysosporium, Tween 80 was reported to enhance ligninase production 
(Asther et al 1987; Venkatadri & Irvine 1990, Linko & Zhong 1991; Lestan et al 1993 
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) . I n the production of fungal cellulase, the positive effect of Tween 80 was detected in 
many species (Singh et al 1991, Long & Knap 1991). Tween 80 also stimulates 'the 
production of other extracellular enzymes including proteases and phosphatases 
(Fukushima et al 1991; Nahas et al 1989). In the present study, the level of extracellular 
proteins produced by V. volvacea was markedly higher in cultures supplemented with 
Tween 80 when compared to unsupplemented culture. Tween 80 appears to stimulate the 
ability of the species to synthesize and / or secrete extracellular proteins including 
cellulose-degrading enzymes. The mechanism of this promotional effect on enzyme 
production has not yet been established. Several authors have suggested that Tween 80 
promotes both uptake and exit of compounds from the cell through modification of plasma 
permeability. The effect of Tween 80 on the permeability of the plasma membrane was 
extensively reviewed in Trichoderma reesei, Tween 80 was demonstrated to stimulate the 
formation and/or activity of Dol-P-Man synthase, thereby elevating the level of O-
glycosylation and protein secretion (Kruszewska et al 1990). In the work of Li et al 
(1992), fatty acids including those which are components of Tween 80 were found to 
increase the permeability of the cell membrane and glucose uptake. Enhanced secretion of 
extracellular proteins through altering of the permeability of the cell membrane would 
only partially account for the higher level of extracellular endoglucanase, exoglucanase 
and P-glucosidase observed in this study. It appears that Tween 80 also stimulate the 
synthesis of extracellular protein. Perhaps as a results of the change in fungal growth 
morphology brought by the compound. 
In view of the ability of Pleurotus spp. to grow on a wide range of lignocellulosic 
substrates, the inability to detect cellulase activity was somewhat surprising although, in 
the relatively few reports of cellulolytic activity in Pleurotus spp., only low levels of 
enzymes were detected (Rai & Saxena, 1990). The apparent absence of cellulolytic 
activity in the strain of P. sajor-caju used in this investigation may be a reflection of the 
culture conditions used. In sawdust/wheat bran cultures, high levels of reducing sugar was 
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evident which may have repressed the synthesis of the cellulases. Rai & Saxena (1990) 
investigated extracellular enzyme production in P. sajor-caju during growth on rice straw. 
No filter paper activity (FPase) was detected but low levels of endoglucanase and P-
glucosidase appeared late in the cultivations after the depletion of soluble sugars. The 
ability of the fungus to utilize crystalline cellulose is perhaps less unexpected. Relatively 
few organisms are able to attack native cellulose and Pleurotus spp. may rely on other 
microorganisms present in the growth substrate during mushroom cultivation to bring 
about partial degradation. Alternatively, since P, sajor-caju produced high titres of 
xylanase and P-xylosidase, this fungus may use the hemicellulose component of the 
substrate in preference to the cellulose. 
On the basis of the enzyme activities detected in this study, L. edodes also seems 
to have a preference for the hemicellulose component of the wood substrate. No 
significant growth of I . edodes was observed when crystalline cellulose served as carbon 
source. Moreover, although the mushroom grew well on a sawdust-wheat bran mixture, 
we were unable to detect any cellulolytic activity. Mishra and Leatham (1990) have 
reported endoglucanase, exoglucanase and P-glucosidase activity in L. edodes grown in 
solid-state cultures on red oak wood (Quercus rubra). Clearly, the type of substrate and 
other culture parameters may be critical for cellulase biosynthesis. 
The ability of V, volvacea, P. sajor-caju and L. edodes to produce enzymes 
involved in the degradation of lignocellulose are summarized in Table 4.1 • 
These results provide clear evidence for direct relationship between the 
lignocellulolytic enzymes profiles, and sensitivity to lignin-related phenols and tannin 
substances, and the capacity of an individual mushroom species to grow and fruit on a 
particular lignocellulosic substrate. Manipulation of lignocellulolytic enzyme production to 
improve the efficiency of substrate utilization, and to detoxify / remove inhibitory 
substances present in the substrate, will lead to the increase in mycelial biomass and fruit 
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body yields essential to successful mushroom cultivation. It will also extend the range of 
substrates which could be used for the cultivation of a particular mushroom species. ‘ 
Table 4.1 Production of lignocellulose-degrading enzymes in V. volvacea (V.v), L, 
edodes (L.e.) and P. sajor-caju (P.sc.): 
Enzyme system Enzyme V.v. L.e P.sc. 
Cellulase complex endoglucanase + -？ 一 
exoglucanase + -？ 一 
P-glucosidase + -? -
Hemicellulase complex xylanase + + + 
xylosidase + -？ -? 
Llignin-degrading system ligninase 一 一？ + 
manganese-dependent 
peroxidase 一 + + 
Phenol oxidizing system phenol oxidase 一 + + 
tyrosinase 一 + -
laccase - + + 
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Appendix 1 • Determination of glucose by Somoavi-Nelso门 method 
—. 
1. Somogyi reagent 
24g NajCOg 
16g NaHCOj dissolved in 250ml distilled water — 
12g Na-K tartrate ( 4 H 2 O ) 一 A 
4g CUSO4.5H2O dissolved in 40ml H2。 
\ 
180g Na2S04 dissolved in 500ml H2O, boiled and cooled B 
Add A to B and dilute to 1 liter. The solution is filtered after two days through Whatman 
filter paper N0.4. Store the filtrate reagent at 37 "C. 
2. Nelson reagent ‘ 
25g (NH4)6Mo024. 4H2O dissolved in 450ml HjO = C 
21ml H2SO4 mixed with 3g NazAsCVYHzO 
which has been dissolved in 25ml H2O D 
MixC and D, dilute to 500ml 
Store at 37。C for two days before use. 
3. Procedure 
Mix 3m丨 sample with 1 ml Somogyi reagent, boil for 15 minutes, cool then to room temperature. 
Add 1 ml Nelson and mix well. Centrifuge at 300 x g if precipitation occurs. After 20 
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